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FLUX MOTION IN LEAD-INDIUM WIRES WITH 
LONGITUDINAL MAGNETIC FIELDS
CHAPTER I  
INTRODUCTION
Type ^  v s . Type I I  S u p e rco n d u c tiv ity
A pproxim ately 50 y e a rs  a f t e r  th e  d isco v ery  of su p e rc o n d u c tiv ity  
in  1911 by Onnes, superco n d u c to rs  were s e p a ra te d  in to  two types acco rd in g  
to  t h e i r  m agnetic  c h a r a c te r i s t i c s .
The f i r s t  group o f  su p e rco n d u c to rs  i s  composed m ainly o f  e lem en ts , 
each e x h ib i t in g  th e  w ell-know n M eissner e f f e c t^  u n t i l  i t  i s  d riv en  normal 
a t  some c r i t i c a l  f i e l d  H^. These m a te r ia ls  a re  la b e le d  " type I " .
A nother group of su p e rco n d u c to rs  tends to  be composed o f  a l lo y s  
w ith  h ig h  c u r re n t- c a r ry in g  a b i l i t i e s  th a t  e x h ib i t  th e  M eissner e f f e c t  up 
to a f i e l d  H^  ^ where m agnetic f lu x  p e n e t r a te s  th e  sample and rem ains u n t i l  
a t  some h ig h e r  f i e l d  H^^ th e  su p e rco n d u c to r becomes norm al, i . e . ,  r e s i s ­
tance  r e t u r n s . These a re  " ty p e  I I "  su p erco n d u c to rs  and the  reg io n  between
H T and H „ i s  c a l le d  th e  "mixed s t a t e " ,  c l  c2
W hile in  th e  mixed s t a t e ,  a  su p e rco n d u c to r  i s  n e i th e r  p u re ly  super­
conducting  n o r p u re ly  norm al b u t i s  composed o f  bo th  su p erconducting  and 
normal r e g io n s .  One p o s s ib le  c o n f ig u ra tio n  i s  f o r  the  su p erco n d u c to r to  
be th re a d e d  by c y lin d e rs  o f  norm al m a te r ia l  p a r a l l e l  to  th e  m agnetic f i e l d
1
H , < H < H . .  These c y l in d e rs  o r  norm al cores a re  r e f e r r e d  to  as f lu x  c l  cl
2
l in e s  and a re  re p re s e n te d  in  F ig . 1. (N otice th e  analogy betw een f lu x  
l in e s  in  a su p e rco n d u c to r and v o r te x  l in e s  in  r o ta t in g  h e liu m .)
In  o rd e r  to  u n d e rs tan d  f lu x  l i n e s ,  co n sid er a  s la b  o f supercon­
d u c tin g  m a te r ia l  (as shown in  F ig . 1) which i s  in  th e  mixed s t a t e .  ( I t  
i s  w orthw hile  to  n o te  th a t  the  f i e l d  a t  which f lu x  b eg in s  to  p e n e tra te
in to  a s la b  i s  much le s s  th an  th e  f i e l d  H , as d e fin e d  fo r  a w ire  in  ac l
lo n g i tu d in a l  m agnetic f i e l d .  The fo llo w in g  arguments a re  s t i l l  q u a l i ­
t a t iv e ly  v a l id . )  The b u lk  o f  th e  m a te r ia l  i s  d iam agnetic  so th a t  th e  
f lu x  due to  th e  a p p lie d  m agnetic  f i e l d  i s  opposed by d iam agnetic  c u rre n ts  
i ^  which c i r c u la t e  on th e  o u te r  su rfa c e  o f  th e  s la b .  The d iam agnetic  
m a te r ia l  o f  F ig . 1 i s  th rea d ed  by norm al cores which a re  p a r a l l e l  to  the  
a p p lie d  f i e l d  and c o n ta in  m agnetic f lu x  in  the  d i r e c t io n  o f  th e  a p p lie d  
f i e l d .  The f lu x  w ith in  each core i s  g en era ted  by p e r s i s t e n t  c u r re n ts  ip
c i r c u la t in g  in  th e  o p p o s ite  ("p aram agnetic") d i r e c t io n  to  th e  d iam agnetic
 ^ 2 c u r r e n ts .
For a type I I  su p e rco n d u c to r i t  i s  e n e rg e t ic a l ly  more fa v o ra b le  
f o r  the  f lu x  l in e s  to  p e n e t r a te  th e  sample and th re a d  i t  w ith  norm al 
reg io n s  than  to  be h e ld  o u t by s u r fa c e  c u rre n ts  as m entioned above. This 
i s  because o f  energy a s s o c ia te d  w ith  th e  form ation  o f  th e  n o rm al-su p er­
conducting  in t e r f a c e — th e  s u r fa c e  energy—which fo r  a  type  I I  su p erco n d u c to r 
i s  n e g a tiv e .
The s u r fa c e  energy  (A) i s  r e la te d  to  the  d if f e re n c e  between th e  
p e n e tr a t io n  depth (X) and th e  coherence le n g th  (Ç) as
A œ (Ç -  X)
APPLIED
F ig u re  1. The Mixed S ta te  Showing Normal Cores and 
E n c irc lin g  S u p e rcu rren t V o rtice s
The p e n e tra t io n  depth X i s  a  d is ta n c e  in  w hich a f i e l d  decays to  1/e o f
-6i t s  value  a t  th e  su rfa c e  and i s  ty p ic a l ly  5 x 10 cm fo r  m e ta ls . The 
coherence le n g th  Ç i s  a measure o f th e  d is ta n c e  over which the  supercon­
ductin g  wave fu n c tio n  i s  allow ed to  change s ig n i f i c a n t l y  and i s  about 
-410 cm. One can th in k  o f th e  coherence le n g th  as th e  ra d iu s  o f th e  vor­
te x  core and th e  p e n e tra t io n  depth  as th e  d is ta n c e  over which the m agnetic 
f lu x  a s s o c ia te d  w ith  each core sp read s  in to  th e  su rro u n d in g  m a te r ia l .  In  
the  Ginzburg-Landau theo ry  th e  r a t i o  o f  X and Ç i s  d e fin e d  as th e  G inzburg- 
Landau p aram eter k ,^
K = X/Ç .
This allow s one to  view su p e rc o n d u c tiv ity  from th e  v iew po in t o f s u rfa c e  
energy. For a type I su p e rco n d u c to r, Ç>X o r  k _< 1 / so th a t  th e  su r ­
face  energy i s  p o s i t iv e .  I t  i s  more fa v o ra b le  fo r  a sample to  expel l in e s  
than to have th e  l in e s  th re a d  i t .  For a type I I  su p e rco n d u c to r, Ç<X so 
th a t  K 2. 1 / I t  i s  e n e r g e t ic a l ly  fa v o ra b le  to  ex p e l l in e s  o f f lu x  up 
to  H = o r  K = l / \ / ï .  Above < > 1 //2  so th a t  energy i s  re le a se d
in  form ing th e  n o rm al-superconducting  in t e r f a c e  and th e  s u r fa c e  energy i s  
n e g a tiv e . Thus fo r  < H < i t  i s  e n e r g e t ic a l ly  fav o ra b le  to  allow
f lu x  l in e s  to  e n te r  th e  su p erco n d u c to r.
The d if fe re n c e s  in  th e  b e h a v io r  o f ty p e  I  and type I I  supercon­
ducto rs  a re  shown in  th e  m a g n e tiza tio n  curves in  F ig . 2. F ig . 2a shows 
no f lu x  p e n e tra t io n  u n t i l  H = w h ile  F ig . 2b shows f lu x  p e n e tr a t io n  
occuring  a t  H = and co n tin u in g  u n t i l  H = which tim e th e
sample i s  com plete ly  p e n e tra te d  by f lu x  and i s  norm al.
MA PPLIE D  FIELD
F igure  2a . M agnetiza tion  Curve f o r  a Type I  Superconductor
A PPL IE D  F I E L D
F igu re  2b. M agnetiza tion  Curve f o r  a Type I I  Superconductor
6F lux  Motion
Whenever th e  m agnetic f i e l d  on a type I I  su p e rco n d u c to r i s  le s s
than  th e  su p e rco n d u c to r behaves l ik e  a type I  su p erco n d u c to r w ith  a
c r i t i c a l  c u r re n t determ ined  very  much l i k e  S i l s b e e ’s r u le  fo r  a ty p e  I
2
superco n d u cto r b u t w ith  re p la c e d  by Above th e  type I I  su p e r­
conductor i s  d riv e n  in to  the  mixed s t a t e  b u t can c a rry  some r e s is ta n c e -  
l e s s  c u r re n ts .
For a type I I  su p erco n d u c tin g  w ire  in  th e  mixed s t a t e ,  a v o lta g e
appears a long  i t s  le n g th  when a la rg e  enough t r a n s p o r t  c u r re n t  i s  su p p lie d .
As long as th e  c u r r e n t  i s  sub c r i t i c a l ,  no v o lta g e  ap p ea rs . At i t s  c r i t i c a l
value I^  a  v o lta g e  appears  and in c re a s e s  w ith  in c re a s in g  c u r re n t u n t i l
th e  sam ple i s  d r iv e n  o u t o f th e  mixed s t a t e  and in to  th e  norm al s t a t e  by
th e  normal c u r re n t  I  .n
The v o lta g e  ap p ea rin g  a c ro ss  the  sample i s  due to  th e  m otion of 
m agnetic f lu x  th ro u g h o u t th e  b u lk  o f the su p erco n d u c to r in  th e  mixed 
s t a t e .  In  c y l in d r i c a l  geom etry w ith  an e x te rn a l  lo n g i tu d in a l  m agnetic 
f i e l d  and w ith  a t r a n s p o r t  c u r re n t in  th e  w ire ,  f lu x  l in e s  appear in  the  
form o f h e l i c e s .  These h e l ic e s  a re  fo rc e d  th rough a s u r fa c e  b a r r i e r  by 
a L orentz fo rc e  s e t  up by th e  t r a n s p o r t  c u r re n t .  The L o ren tz  fo rce  i s  
given a s ,
F_ = J  $ s in  9 L o
where J  i s  th e  c u r re n t  d e n s i ty ,
i s  th e  amount o f f lu x  en c lo se d  by each  v o r te x  l i n e ,  and 
0 i s  th e  an g le  betw een th e  d i r e c t io n  o f  th e  t o t a l  m agnetic 
f i e l d  ( e x te rn a l  and c u r re n t  f i e ld s )  and o f  th e  t r a n s p o r t  cu r­
r e n t .
7The co res c o n ta in in g  f lu x  are  p inned  in  the  sample fo r  v a rio u s  
re a so n s . The su rfa c e  i s  i r r e g u l a r  and v o r te x  l in e s  a re  h e ld  up a t  im per­
fe c t io n s  on th e  s u r fa c e . There a re  b u lk  d is lo c a t io n s  which t r a p  th e  f lu x  
l i n e  in  th e  i n t e r i o r  o f th e  sam ple. The tra n sp o rt, c u r re n t tends  to  flow 
in  a manner caused by th e  b a lan c in g  o f  c i r c u la t io n  c u rre n ts  o f n e ighbo ring  
v o r t i c e s .  In  o th e r  w ords, th e re  i s  in t e r a c t io n  between v o r t i c e s ,  A 
b a r r i e r  e x i s t s  a t  th e  edges o f  th e  sample due to  an image fo rc e . P inn ing
a r is e s  from v a r ia t io n s  in  the  chem ical p o t e n t i a l  due to  i r r e g u l a r i t i e s  in
3
th e  l a t t i c e  o f  the  sam ple. W hatever th e  n a tu re  o f  th e  p in n in g  fo rc e , 
how ever, th e  L orentz fo rc e  must overcome i t  in  o rd e r  to  produce v iscous 
flow of th e  f lu x  l in e s .
K im ,^’^ F a r re l l^  and s e v e ra l  o th e rs  have c o n c e n tra te d  on f lu x  
m otion i n  b o th  tra n s v e rs e  and lo n g i tu d in a l  f i e l d s .  They have r e s t r i c t e d  
t h e i r  in v e s t ig a t io n s  to  s la b  geometry because  o f  added d i f f i c u l t i e s  th a t  
a r i s e  b o th  i n  th e o r e t i c a l  and ex p erim en ta l c o n s id e ra tio n s  in  c y l in d r ic a l  
geom etry. Very l i t t l e  u n d ers tan d a b le  work has been  c a r r ie d  o u t fo r  th e  
case  o f a c y l in d r ic a l  w ire  in  a lo n g i tu d in a l  m agnetic f i e l d .  I n te r p r e ­
t a t i o n  o f  d a ta  has been r a th e r  incom ple te .
I t  i s  the  purpose o f  t h i s  d i s s e r t a t io n  to  in v e s t ig a te  f lu x  m otion 
in  c y l in d r ic a l  geometry and to  e x p la in  a t  l e a s t  q u a l i t a t iv e ly  th e  b eh av io r 
o f f lu x  m otion in  a  l e ad-ind ium  w ire . A th eo ry  o f f lu x  flow proposed by 
Dr. P au l T. S ik o ra , v i s i t i n g  a s s i s t a n t  p ro fe s s o r  o f p h y sics  a t  th e  U niver­
s i t y  o f Oklahoma, w i l l  be p re s e n te d  and th e  d a ta  w i l l  be analyzed  acco rd ing  
to  th e  models p re se n te d .
CHAPTER I I
THEORY
Flux Flow
The dominant mechanism le a d in g  to  th e  motion of f lu x  i s  th e  
L orentz fo rce  (o r  more p ro p e rly  th e  Magnus fo rce )
f  = J  X J
o r  F^ = J  B s in  9 (2 .1 )
where J  i s  th e  c u r r e n t  d e n s ity ,
B i s  th e  m agnetic in d u c tio n , and
9 i s  th e  an g le  betw een J  and B.
One can th in k  of th i s  m otion o f  f lu x  a r i s in g  because o f in te r a c t io n
between moving charges o f  th e  t r a n s p o r t  c u r re n t  J  and th e  m agnetic f i e l d
B. F lux w i l l  move th e n  in  a d i r e c t io n  th a t  i s  p e rp e n d ic u la r  b o th  to  the
t r a n s p o r t  c u r re n t  and to  th e  m agnetic f i e l d .
Much work has been done on f lu x  motion in  " s la b  geom etry" w ith
4 - 9the e x te rn a l  m agnetic f i e l d  norm al to  the  p la n e  o f th e  sam ple. This
geometry le a d s  to  a s im p l i f ic a t io n  in  th e  L o ren tz  fo rc e  s in c e  th e  f i e l d  
and c u r re n t a re  a t  r ig h t  a n g le s . (The "w ire  f ie ld "  c o n tr ib u te d  by the 
t r a n s p o r t  c u rre n t does n o t a f f e c t  th e  t o t a l  f i e l d  a p p re c ia b ly . Note a lso
8
9t h a t  one does n o t need to  assume th e  d ir e c t io n  o f  c u rre n t flow so long
as the  c u r re n t  flow s p a r a l l e l  to  the  p lane o f  th e  s la b .  This always p ro -
v ides J  _j_ B. Because o f th e  very  th in  samples used , th e  angle betw een
oJ and B i s  n e a r ly  always 90 even i f  th e  flow i s  n o t in  th e  p lan e  o f the
s la b . )  The f lu x  moves in  the  p lan e  o f  the  sample and can have components
in  the  d i r e c t io n  o f th e  t r a n s p o r t  c u r re n t  as w e ll as tr a n s v e rs e  to  i t .
4-7Kim, e^  ^ 1 . have s tu d ie d  th i s  geom etric  c o n f ig u ra tio n  in  
d e t a i l  and have a r r iv e d  a t  v a lues  fo r  f lu x  flow r e s i s t i v i t y .  T h e ir d a ta  
in d ic a te  th e  f lu x  flow r e s i s t i v i t y ,  p^ , i s  a c o n s ta n t f o r  a g iven  a p p lie d  
f i e l d  and i s  e a s i ly  o b ta in e d  from a p lo t  o f V v s . I  which i s  l i n e a r  in  
the  upper c u r re n t range .
A le k se e v s k ii ,  e t  have s tu d ie d  f lu x  m otion in  a Pbln
w ire  in  a tra n s v e rs e  m agnetic f i e l d .  U nlike th e  l i n e a r  r e la t io n  th a t  
one o b ta in s  fo r  s la b  geometry on a V v s . I  p lo t ,  they o b ta in  a " q u a s i-  
l i n e a r  s e c t io n " .  No a ttem p t i s  made to  ex p la in  the  r e s u l t s  in  g re a t  
d e t a i l  a l t h o u ^  a q u a l i t a t iv e  argument i s  p re se n te d .
In  th i s  d i s s e r t a t io n  we s tu d y  th e  motion o f f lu x  through a c y l in ­
d r ic a l  w ire  which i s  p la c e d  in  an e x te rn a l  lo n g i tu d in a l  m agnetic f i e l d .
This geom etry in tro d u c e s  d i f f i c u l t i e s  n o t encoun tered  in  th e  s la b  geom etry. 
I t  i s  c l e a r  th a t  th e re  w i l l  be two components o f  th e  t o t a l  m agnetic f i e l d  
( th e  lo n g i tu d in a l  a p p lie d  f i e l d  and th e  f i e l d  o f  th e  w ire  due to  the t r a n s ­
p o r t  c u r r e n t ) .  The t o t a l  f i e l d  i s  then  th e  v e c to r  sum of th e  f i e l d s ,
I'toti  " ( + V  <2 . 2)
and th e  d i r e c t io n  i s  g iven  by th e  ang le
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^  ) (2 .3 )
where i s  the  t o t a l  f i e l d ,t o t
^app th e  lo n g i tu d in a l  a p p lie d  f i e l d ,  and
B i s  the f i e l d  due to  th e  w ire , w
One can v is u a l iz e  th e  r e s u l t in g  t o t a l  f i e l d  as a h e l ix  which becomes more 
t i g h t ly  wound as th e  t r a n s p o r t  c u r re n t  i s  in c re a s e d . Note th a t  we are  
assuming th a t  the  t r a n s p o r t  c u r re n t flow s p u re ly  lo n g i tu d in a l ly ,  o r  along 
the le n g th  o f  the w ire . This i s  p robab ly  t r u e  fo r  sm all c u rre n ts  and fo r  
a homogeneous w ire . I f  th e  c u r re n t  does seek  a pa th  along an o th e r d ire c ­
t io n ,  such as o n e -h a lf  th e  ang le  o f th e  r e s u l t a n t  f i e l d ,  then  eq . (2 .2 ) 
and eq . (2 .3 )  a re  n o t v a l id  and must be m o d ified . However, f o r  most o f 
our c u r re n t  ranges th e  ang le  between th e  w ire  ax is  and the  t o t a l  f i e l d  
i s  very  sm all so th a t  our eq u a tio n s  a re  v a l id  to  a very  good approxim ation .
The h e l i c a l  shaped f lu x  l in e s  a re  a c te d  on by th e  tra n s p o r t  cur­
r e n t .  When the  t r a n s p o r t  c u r re n t  exceeds a c e r ta in  v a lu e , then  a m agnetic 
p re s su re  d if fe re n c e  which i s  e s ta b l is h e d  a c ro ss  th e  w ire  allow s f lu x  l in e s  
to  p e n e tra te  the  sam ple. Because f lu x  m otion takes  p la c e  p e rp e n d ic u la r
to  bo th  J and th e  m otion o f  f lu x  i s  r a d ia l ly  inw ard,t o t
In  o rd e r  to  u n d ers tan d  how th i s  f lu x  m otion o c c u rs , co n sid er the  
s i i t ç le r  case  o f  a w ire  c a rry in g  a t r a n s p o r t  c u r re n t in  th e  absence o f any 
e x te rn a l ly  a p p lie d  f i e l d .  The f lu x  l in e s  p roduced by the  t r a n s p o r t  cur­
r e n t  a re  r in g s  which c lo se  in  on th e  sample and m ig ra te  to  the  c e n te r  o f 
th e  w ire  under the in f lu e n c e  o f th e  L o ren tz  fo rc e . For a la rg e  enough 
t r a n s p o r t  c u r re n t th e  sample i s  d riv en  com plete ly  norm al due to  the  c a ta -  
s t r o p ic  c o lla p se  o f th e  f lu x  l i n e s  in to  th e  sam ple.
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For th e  type I I  su p erco n d u c to r in  a lo n g i tu d in a l  e x te rn a l  f i e l d ,  
the  h e l i c a l  f lu x o id s  w i l l  p robab ly  e n te r  th e  sample on the average along  
th e  d i r e c t io n  o f  th e  t o t a l  m agnetic f i e l d .  The f lu x  l in e  i f  u n in flu en ced  
by any o th e r  ag en ts  w i l l  e n te r  the  b u lk  o f  th e  w ire  where i t  exp erien ces  
a  fo rc e . This fo rc e  tr ie s  to  s t r e t c h  o r  tw is t  the h e l ix ,  thereby  le n g th ­
en ing  th e  f lu x  l i n e  and reducing  i t s  energy . (A s im i la r  p ro cess  occurs 
fo r  s u p e r f lu id  helium  flow ing in  narrow  c h a n n e ls .)  I f  the h e l ix  i s  b ro ­
ken , snapped, o r  o th e rw ise  d e s tro y e d , energy  i s  re le a se d  and d is s ip a t io n  
o c c u rs . This appears to  be a com plica ted  p ro cess  which we hope can be 
answered by e x p e rim e n ta tio n .
Suppose now th a t  th e  w ire  sam ple i s  n o t id e a l  b u t has su rfa c e  
i r r e g u l a r i t i e s .  Then th e  f lu x  l i n e  may have d i f f i c u l t i e s  in  b reak in g  
th rough th e  s u r fa c e  due to  a " s u r fa c e  energy b a r r i e r " .  There a re  two 
types o f su rfa c e  b a r r i e r s — one due to  th e  p h y s ic a l c o n d itio n  o f  the w ire  
and th e  o th e r  due to  th e  image fo rc e .
For an i r r e g u l a r  su rfa c e  w ith  p h y s ic a l  o r  chem ical d e fe c ts ,  th e  
s u r fa c e  energy may vary  along the le n g th  o f  th e  w ire . The p o in ts  o f low 
energy  could  then  p o s s ib ly  a c t  as n u c lé a t io n  s i t e s  fo r  the  f lu x  l in e s  to  
e n te r  th e  sam ple. (T his i s  w hat i s  tho u g h t to  happen in  s u p e r f lu id  
helium  flow ing in  narrow  channels w henever channel i r r e g u l a r i t i e s  i n t r o ­
duce v o r t i c e s . )  Thus th e  f lu x  l i n e s  may n o t  e n te r  uniform ly along the 
le n g th  o f th e  sam ple.
Once th e  f lu x  l i n e  has e n te re d  th e  b u lk  o f th e  sample i t  may be 
a t t r a c t e d  back to  th e  s u r fa c e  due to  an image fo rc e , much l i k e  what occurs 
in  l i q u id  helium . This fo rce  i s  due to  th e  c u r re n t  d i s t r i b u t io n  s u r ­
rounding  the v o rte x  l i n e .  The f lu x  l i n e  must b reak  away from th i s  fo rce  
b e fo re  i t  can p ro p ag a te  th rough th e  sam ple.
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M e lv ille ^ ^  found th a t  th e  p e n e tra t io n  o f m agnetic f ie ld s  ( f lu x  
l in e s )  in to  a sample i s  very  much dependent on th e  s u r fa c e  c o n d itio n .
I f  th e  su rfa c e  o f  th e  sample i s  very  rough, e . g . ,  lo n g i tu d in a l  s c ra tc h e s  
appear along th e  le n g th  o f th e  sam ple, then  the  o r ie n ta t io n  o f  th e  mag­
n e t ic  f i e l d  i s  im p o rta n t. For a m agnetic f i e l d  a p p lie d  across r a th e r
than  down th e  tro u g h , th e  m agnetic f i e l d  i s  enhanced. This i s  due to  
the e n try  o f f lu x  a t  low er f i e ld s  in  th e  r id g e s .  When the  m agnetic 
f i e l d  i s  p a r a l l e l  to  th e  s c r a tc h e s ,  th e  f i e l d  enhancement i s  much l e s s .
The f lu x  l i n e  once in s id e  and no lo n g e r a f f e c te d  by th e  su rfa c e  
can experien ce  o th e r  mechanisms which may h in d e r  i t s  p o tio n . Chemical 
o r  p h y s ic a l d e fe c ts  in  th e  sample g ive  r i s e  to  "p in n in g  s i t e s "  which
tend  to  impede th e  f lu x  m otion and p in  th e  f lu x  l i n e s .  F ig . 3 i l l u s -
12t r a t e s  th e  p in n in g  o f  a f lu x  l in e  by a d e fe c t .  The f lu x  l in e s  ten d  
to congregate  in  th e  reg io n  o f  d e fe c t  due to  th e  d if fe re n c e  o f chem ical
3
p o te n t ia l .  As tim e p a s s e s ,  th e  f lu x  l in e  becomes more and more curved 
u n t i l  i t  escapes from i t s  p in n in g  c e n te r .  The unpinned v o rte x  l in e  
moves on and an o th e r  v o r te x  becomes p inned  in  i t s  p la c e .^  Thus th e  p in ­
n in g  i s  an average e f f e c t ,  so th a t  th e  p in n in g  fo rc e  i s  an average per 
u n it  volume p e r  u n i t  tim e . The observed  f lu x  m otion i s  a r e s u l t a n t  o f
th e  p in n in g  and unpinn ing  motion o f  a l l  the  f lu x  l i n e s .  This m otion
13has been confirm ed by M e lv i lle .
M e lv ille  m entions th e  p o s s i b i l i t y  o f f lu x  b e in g  s h ie ld e d  o u t by 
c u rre n ts  c a r r ie d  in  a " su rfa c e  sh ea th "  n e a r  th e  su rfa c e  (su rfa c e  super­
c o n d u c t iv ity ) .  Of course M eissner c u r re n ts  can c i r c u la t e  on th e  su rfa c e  
o f the sample to  s h ie ld  o u t f lu x  and the  amount o f  c u r re n t supp o rted  
depends on th e  s u r fa c e  c o n d itio n . M e lv ille  a ttem p ted  to  reduce th e  e f f e c t
13
F igure  3. P inning  o f  F lux  L ines a t  P inning  S ite s
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of th e  su rfa c e  sh e a th  by p la t in g  th e  su rfa c e  o f th e  sam ple. He found a t
low f ie ld s  th e re  was very  l i t t l e  d if fe re n c e  between p la te d  and n o n p la ted
samples w h ile  a t  f i e ld s  n e a r  th e re  was a n o tic e a b le  d if f e re n c e .  This
tends to  in d ic a te  th e  su r fa c e  sh e a th  may be im p o rtan t on ly  n ea r
We have a lso  found th a t  co p p e rp la tin g  makes l i t t l e  d if f e re n c e  on r e s u l t s
taken a t  low f i e l d s .  Our d isc u ss io n s  s h a l l  be l im ite d  to  f i e ld s  n e a r  H .c i
where the  s u r fa c e  sh ea th  w i l l  be n e g le c te d .
Bulk p in n in g  can be reduced to some e x te n t by a n n e a lin g . S tre s s e s  
and s t r a in s  in tro d u c e d  in  the  e x tru s io n  o f  th e  w ire  sam ple can be annealed  
ou t by a llo w in g  th e  w ire  to  s i t  a t  room tem pera tu re  o r  by ap p ly in g  a tem­
p e ra tu re  le s s  than  needed fo r  m e ltin g . This p ro cess  w i l l  n o t e l im in a te  
chem ical d e fe c ts  which a r i s e  because o f fo re ig n  atoms in  th e  sample o r  
w i l l  i t  change th e  i r r e g u l a r i t y  in  the c r y s ta l  s t r u c tu r e .
F in a l ly ,  v o r t ic e s  may be pinned  by in t e r a c t io n  w ith  o th e r  vo r­
t i c e s .  This type  o f  p in n in g  occurs in  com bination w ith  one o f  th e  o th e r
3
p inn ing  m echan ists  m entioned p re v io u s ly . For exam ple, f lu x  l i n e s  c lu s ­
te re d  n ea r a p h y s ic a l d e fe c t  ex p erien ce  fo rces  from th e  o th e r  f lu x  l in e s  
due to  the inhomogeneous s t r u c tu r e  o f  th e  a rra y  o f f lu x  l in e s  in  the 
bu lk  o f th e  sam ple.
In  summary, the  d r iv in g  fo rce  (L oren tz  fo rce ) must be la rg e  enough 
to overcome s u r fa c e  b a r r i e r s  and any p inn ing  e f f e c t s  to  g ive r i s e  to  a 
v iscous flow o f f lu x .  The e f f e c t  i s  an average one o f  v o r t ic e s  moving 
through th e  sam ple and b e in g  d is s ip a te d  w ith in  th e  b u lk ,  thus g iv in g  r i s e  
to a v o ltag e  drop ac ro ss  th e  sam ple.
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Model : P u re ly  L o n g itu d in a l,
Uniform C urren t D ensity  Model 
Tlxe dominant fo rc e  in  f lu x  m otion , th e  L o ren tz  fo rce  competes 
a g a in s t th e  p in n in g  fo rc e  Fp in  o rd e r  to  b r in g  about v iscous flow o f f lu x .  
There a re  th re e  p o s s ib le  reg io n s  o f i n t e r e s t  w hich a r i s e .  The f i r s t  
reg io n  in v o lv e s  Fp<Fp . This im p lie s  t h a t  th e  d r iv in g  fo rce  i s  n o t  s u f ­
f i c i e n t l y  la rg e  enough to  com plete ly  dominate th e  f lu x  l i n e s .  This pro­
cess i s  th o u g h t to  be dom inated by therm al a c t iv a t io n ,  g iv in g  r i s e  to  some 
e x p o n e n tia l c u r re n t-v o l ta g e  c h a r a c t e r i s t i c .  This i s  denoted as " f lu x  
creep" and w i l l  n o t  concern  u s . B e a s l e y , A n d e r s o n , a n d  Kim^^ have 
given c o n s id e ra b le  t h o u ^ t  to  th i s  re g io n .
The second  reg io n  o ccu rs  when F^=Fp . This i s  a mixed reg io n  
in  which a t r a n s i t i o n  i s  o c c u rr in g  betw een th e rm a lly  a c t iv a te d  c reep  and 
c u r re n t dom inated flow . This re g io n  i s  p robab ly  a lm ost im p o ss ib le  to  
unscram ble and w i l l  n o t be s tu d ie d .
The th i r d  reg ion  i s  th e  one o f i n t e r e s t  f o r  us and in v o lv es  
Fp>Fp . In  th i s  re g io n  motion i s  assumed to  be v isco u s  flow u n t i l  
th e  sam ple i s  d riv e n  in to  th e  norm al s t a t e .
In  th e  v isco u s  re g io n , th e  excess d r iv in g  fo rc e  i s  r e la te d  l i n ­
e a r ly  to  the  f lu x  m ig ra tio n  v e lo c i ty  by a p r o p o r t io n a l i ty  f a c to r ,  n , 
known as th e  v is c o s i ty  c o e f f i c i e n t , so th a t  p e r  u n i t  le n g th
? !  -  fp  -  ' e x c e s s  " ” ’ f lu x  '
Eq. (2 .4 )  i s  t r u e  fo r  any g e o m e tric a l c o n f ig u ra tio n . The v is c o s i ty  co ef­
f i c i e n t  i s  dependent on th e  m a te r ia l  used and does n o t depend on th e  p u r i ty
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o f the sam ple. The term  i s  the  average flow v e lo c ity  d u rin g  f lu x
flow , and i s  p o s s ib ly  sam ple, te m p era tu re , a n d /o r  f i e l d  dependen t.^
L et us assume th a t  th e  fo rces  a re  p e r  u n i t  volume, so th a t  the 
L oren tz  fo rc e  becomes
FL = J  0 n s in  9 L 0
where n i s  th e  f lu x  l i n e  d e n s ity  in s id e  th e  w ire  (# l i n e s /a r e a )  and i s  
d e f in e d  as
”  •  ® lnt ‘  "o
and i s  th e  m agnetic in d u c tio n  in s id e  th e  w ire  where
— 7 0= 2 .07  X 10 gauss-cm  ,
th e  u n i t  o f a f lu x o id . The q u a n tity  i s  unknown ex cep t th a t  i t  i s
p robab ly  l e s s  th an  th e  t o t a l  e x te rn a l  f i e l d  and i s  p robab ly
a  fu n c tio n  o f  B_ The L o ren tz  fo rc e  becomes t o t
' 'l  ■ ^
From eq . (2 .3 )  the  ang le  i s
ta n  0 = B /  Bw app
For sm all a n g le s ,  i . e . ,  f o r  B /  B << 1, one can w r i tew app
s in  9 = ta n  0
s in  0 = B /  Bw app
Thus F = J  B. B /  B . (2 .5 )L i n t  w app
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The v o ltag e  a r i s in g  along  th e  le n g th  o f th e  w ire  sam ple when­
ev e r th e  tr a n s p o r t  c u r re n t  exceeds i t s  c r i t i c a l  va lue  i s  due to  an induced  
e .m .f .  g enera ted  by th e  m otion of th e  m agnetic f lu x  in  the  moving c o re s . 
The d is s ip a t iv e  motion o f  f lu x  then  p roduces a v o ltag e  and th e  sample 
shows r e s is ta n c e .
Because o f v isco u s  d rag  on the  f lu x  l in e s  moving through the 
m e ta l, energy i s  re q u ire d  to  m a in ta in  th e  co re  m otion. This can only 
come from th e  tr a n s p o r t  c u r re n t  which must do work in  moving th e  f lu x .
We can d e sc r ib e  th e  c u r re n t-v o lta g e  r e l a t i o n  by eq u a tin g  th e  power in p u t 
p e r  u n i t  volume in  w hich the  d is s ip a t io n  i s  o ccu rrin g  to  th e  work done 
p e r  u n i t  tim e and volume by th e  d r iv in g  fo rc e  in  moving a f lu x  l in e  a 
c e r t a in  d is ta n c e  in  the d i r e c t io n  o f the  d r iv in g  fo rc e . The power in p u t 
i s  I*V and the  d is s ip a t io n  volume i s  0. (We know very l i t t l e  about Ü 
e x c e p t th a t  rough c a lc u la t io n s  from some o f  our d a ta  show i t  i s  very  
s m a ll .  Of course 0 can n ev er be g r e a te r  than  th e  volume o f th e  w ire  
sam ple. Problems can p o s s ib ly  a r i s e  in  e s tim a tin g  a value  fo r  0 . For 
the  d e r iv a t io n  we w i l l  assume th a t  0 i s  independent of c u r re n t  o r  f i e l d . )  
The d r iv in g  fo rc e  p e r  u n i t  volume i s  th e  L o ren tz  fo rce  and th e  d is ta n c e  
p e r  tim e i s  th e  average f lu x  l i n e  v e lo c i ty .  We can then w r ite
I 'V  ± -»
• (2 . 6)
From eq . (2 .4 )  and ta k in g  fo rc e s  p e r  u n i t  volume so th a t  p i s  p e r  u n it  
le n g th ,  then  we can w r i te
"pV- =
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S u b s t i tu t in g  in to  eq . (2 .6 )  and u s in g  eq . (2 .5 ) w ith  th e  d e f in i t io n  o f n .
V = U 1 ^0n I  Bin t
f B 2 B^ ,
J B. — — -  F_ J  B. ------i n t  B P i n t  Bapp app
The assum ption b a s ic  to  th i s  model i s  a uniform  c u r re n t  flow ing through­
out th e  volume o f  the  w ire ,  so th a t  th e  c u rre n t d e n s ity  becomes
J  =
where A i s  th e  c ro ss  s e c t io n a l  a re a  o f  th e  w ire . The f i e l d  due to  the  
c u rre n t in  th e  w ire  i s  s im p l if ie d  by beg in n in g  w ith  th e  ex p ress io n  from 
elem entary  e l e c t r i c i t y  and magnetism
and w r it in g
B = w
®w =
27ra 
c I
where ____0
2ïïa
Thus
n B.app
t v
lAj
Q T 3 _ 5  T7 T
A - P  -
(2 .7 )
where we have d e fin e d  th e  f i e l d  r a t i o  6 as
® int
app
or B. ^ = g B i n t  app
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Thus th e  v o lta g e  i s  cub ic  in  c u r re n t u n lik e  the  l i n e a r  dependence o f 
c u rre n t and v o lta g e  in  s la b  geometry w ith  a tra n s v e rs e  f i e l d .
Data are  analyzed  by p lo t t in g  V /I v s . to  ach ieve a s t r a i g h t  
l in e  w ith
^app (n
(2 . 8)
- D  D r . ^ \
F =  ÊEE A [n
P *0 |cJ I" ( 2 . 9 )
where m i s  th e  s lo p e  from th e  V /I v s . p lo t ,  and 
b i s  th e  in te r c e p t .
The q u a n t i t i e s  3 and are  d e f in e d in  term s o f (n/O) and can be d i f f i c u l t
to o b ta in .  We postpone d isc u ss io n  o f  the  v is c o s i ty  c o e ff ic ie n t-v o lu m e
r a t i o  u n t i l  l a t e r .
S ev era l im p o rtan t th in g s  can be le a rn e d  from eq . (2 .8 )  and from
eq, ( 2 .9 ) .  N o tice  th a t  3 i s  dependent only on the  s lo p e  o f th e  d a ta
o b ta in ed  from th e  V /I v s . p lo t  and on co n stan ts  depending upon the
w ire d iam ete r. Thus th e  la r g e r  s lo p e s  in d ic a te  la r g e r  f i e l d  p e n e tra t io n .
For B very  n e a r  H , we e x p ec t t h a t  B.  ^ i s  q u ite  d i f f e r e n t  from Bapp  ^ c l  i n t  ^ app
(or B ^g^). S ince th i s  i s  th e  re g io n  o f  i n t e r e s t  and th e  range o f  f i e ld s  
in v e s t ig a te d  i s  much sm a lle r  than th e  d if fe re n c e  , we ex p ec t
th e  s lo p e s  to  be f a i r l y  c o n s ta n t f o r  each sam ple. Thus th e  f i e l d  pene­
t r a t i o n  r a t i o  w i l l  be approx im ate ly  th e  same fo r  a l l  f i e l d s .  The r a t i o
may v a ry , how ever, from sample to  sam ple due to  v a rio u s  su r fa c e  and b u lk  
d if f e re n c e s .
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One o f  th e  s t r i k i n g  f e a t u r e s  o f  the  p in n in g  fo rce  i s  the  need 
fo r  a n e g a t iv e  i n t e r c e p t ,  i . e . ,  b must be n e g a t iv e .  Now Ip i s  found from 
the ex tended  s lo p e  a t  V /I = 0  and i s  d e f in ed  from eq . (2 .7 )  as the 
squared  p in n in g  c u r r e n t
■
Eq. (2 .9 )  in d i c a te s  th e  p inn ing  fo rce  i s  s t ro n g ly  dependent on
the i n t e r c e p t  and weakly dependent on the  s lo p e .  This im p lie s  t h a t  the
in t e r c e p t  i s  a measure o f  th e  p in n in g  s t r e n g t h .  For s lo p es  t h a t  are
n e a r ly  f i e l d  independen t,  Fp in c re a s e s  w ith  in c r e a s in g  i n t e r c e p t .  This
n e c e s s a r i ly  im p lie s  t h a t  a l a r g e  p in n in g  fo rc e  i s  a s s o c ia te d  w ith  a la rg e
p inn ing  c u r r e n t ,  i . e . ,  Fp Ip ^ .  Thus Fp i s  f i e l d  dependent and in c re a s e s
w ith  d e c re a s in g  f i e l d .  (These r e s u l t s  are  a l so  o b ta in e d  from th e  s lab  
A“ 6geometry. ) I f  th e  excess  fo rc e  i s  c o n s ta n t  f o r  a given sample and Fp 
decreases  w i th  d ec re as in g  f i e l d ,  then from eq. (2 .4 )  F^ d e c re a se s .  Flux 
flow can then  occur  a t  low er c u r r e n t s  f o r  h ig h e r  a p p l ie d  f i e l d s .
One can now use eq. (2 .7 )  to  o b ta in  a va lue  f o r  the  f l u x  flow 
r e s i s t i v i t y  p^ and compare i t s  v a lu e  to  t h a t  o b ta in e d  f o r  o th e r  geom etries .  
This may be d i f f i c u l t  because  o f  th e  c y l i n d r i c a l  geometry.
For the  s la b  geometry, th e  f lu x  flow r e s i s t a n c e  i s  d e f in e d  as the  
s lope  of th e  l i n e a r  reg io n  on a V v s . I  p l o t  a t  c o n s ta n t  a p p l ie d  f i e l d .  
For the  s la b  geometry i n  a t r a n s v e r s e  f i e l d  and from eq. (2 .6 )
n n I
where now th e  L oren tz  fo rce  i s  g iven  as
Fl = J B
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and B i s  to  a  good approxim ation  B. ^ = B ^ ^ = B  . So we have° i n t  t o t  app
g  1 
n n V o t
\ o t
A
av = 0 f t o t  :
dl n nA^ - f ( 2 . 10)
Now d i f f e r e n t i a t e  eq . (2 .7 )  f o r  the  c y l i n d r i c a l  w ire  i n  a lo n g i ­
tu d in a l  f i e l d :
dV
dl long .
Using eq. (2 .10) from th e  s la b  geometry to  d e f in e  R^, then
dV
dl =  3  c 2  - â i -  l 2  -  -  £  F „  Blong . *tOt2 f
Ü
n Â
( 2 . 11)
As expec ted , the  d e r iv a t iv e  i s  p a r a b o l i c  i n  I .  The co n s tan t  term should  
n o t  vary ap p rec iab ly  w i th in  a given sample i f  3<<1.
One can take eq . ( 2 .1 1 ) ,  so lv e  f o r  R^, and convert  to  flow r e s i s ­
t i v i t y  p^,
fdvl n Ç  2
R = U ll + n A p^ *tot
^ 3 c^ g2 J2 3 c% 6
B 2 to t
Assuming sm all  ang les  so t h a t  B  ^  ^ = B , th e n  ° t o t  app’
B ' i fapp dl
3 c2 g2 j2
1 - 3F.
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In the reg io n  of i n t e r e s t  F^>>Fp so  t h a t
B 2 dV
_ ffiP . .  d l  .  ^ ( 2 . 1 2 )
3 c 2  8%
The r e s i s t i v i t y  i s  then
Pf -  * f  L
where L i s  the  sample le n g th ,  or
«
P ,  -  ' "Pf ■ f  . ( 2 .1 3 )
f  3 p2 62 I  l2
Let us make some comments about the  flow r e s i s t i v i t y .  R eca ll  
from eq . (2 .8 )  th a t  the  f i e l d  r a t i o  8 in v o lv es  th e  term  (f2/ri) . This 
leads  to  an unso lvab le  problem f o r  as an ex ac t  number, i . e . .
p ,  = c o n s ta n t  x B  ^ (O/n)^f  app
E xpress ing  p^ in  t h i s  form i s  con fus ing  s in c e  th e  am biguity  i s  w ith  3
and n o t  r e a l l y  (î2/n). The e a s i e s t  way ou t  o f  th e  dilemma i s  to  run the
experim ent on s la b  geometry where t h i s  r a t i o  does n o t  appear and so lve
fo r  (n /n ) i n  eq. (2 . 13) by using  th e  p .  B d a ta  from the  s la b .r app
One f in d s  t h a t  (O/n) i s  c o n s ta n t  f o r  a l l  f i e l d s  on one sa n ç le  and i s  
n e a r ly  c o n s ta n t  f o r  a l l  samples. S ince th e  v i s c o s i t y  c o e f f i c i e n t  i s  
sample independen t and i s  c h a r a c t e r i s t i c  o f  th e  m a te r ia l  used, then th i s  
im plies  t h a t  the d i s s i p a t i o n  volume term  i s  n e a r ly  c o n s ta n t  f o r  a l l  sam­
p le s .  The d i s s ip a t i o n  i s  o c cu rr in g  in  about the same volume fo r  a l l  samples.
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F a r r e l l ,  e t  a l . ^  found t h a t  p l o t t t i n g  V/IpR^ I / I p  fo rc e d  a l l  
h i s  v a r io u s  d a ta  to  co a le sce  i n t o  a narrow band and thereby  made th e  p lo t  
independen t o f  te m p e ra tu re ,  com position , e t c .  Very l i t t l e  s a t i s f y i n g  
e x p la n a t io n  i s  g iven  as to  why the coa lescence  a r i s e s . ^
To con t inue  the  analogy w ith  s la b  geometry we a t tem p t to  o b ta in  
coa lescence  f o r  th e  v a r io u s  samples w ith  t h e i r  d i f f e r e n t  f i e l d s .  By 
w r i t i n g  eq. (2 .7 )  i n  s l o p e - i n t e r c e p t  form and using  the  p in n in g  fo rc e  
in  terms o f  p inn ing  c u r r e n t ,  then
V/I
n Bapp I p '
tip
- I (2 .14)
We d e f in e
K = '  R
$0
Pn B (Aapp .
- 1
(2 .15)
as the n o rm a l iz a t io n  f a c t o r  f o r  V/I and Ip as th e  n o rm a l iza t io n  f a c t o r  
f o r  I .  The f a c t o r  K i s  - 1 /b  and re p re s e n ts  a s h i f t i n g  o f  curves to 
fo rce  a l l  th e  i n t e r c e p t s  to  be the  same.
I f  we make a p l o t  o f  KV/I v s .  ( I / I p ) ^  then we shou ld  o b ta in  a 
s t r a i g h t  l i n e  w ith  a s lo p e  o f  u n i ty  and an i n t e r c e p t  o f  n e g a t iv e  u n i ty .  
Chandrasekhar has fo rc e d  h is  s lo p e  and i n t e r c e p t  to  be th e se  v a lu es  a lso  
by h i s  method o f  p l o t t e d  reduced v a r i a b l e s .
T h u s , th e  on ly  r e a l  s i g n i f i c a n c e  of making such a reduced p l o t  
i s  to  check on the  l i n e a r i t y  o f  an e q u a t io n .  There w i l l  be s c a t t e r  i f  
the  form o f  the  e q u a t io n  i s  r e a l l y
V = c, l3  + c ,  I  + f ( I )
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where f ( I )  i s  some fu n c t io n  o f  I .  These e x t r a  terms o f  f ( I )  may ex p la in  , 
the sometimes g e n t le  cu rv in g  o f  the  l i n e a r  p o r t io n  a t  l a rg e  cu r re n ts  when 
the sm all angle approx im ation  i s  becoming in v a l id .
Model I I ; Constant Lorentz Force Model 
One o f  th e  shortcom ings o f  the pu re ly  l o n g i tu d in a l ,  uniform  cur­
r e n t  den s ity  model i s  th e  in d e te rm in a te  d i s s ip a t io n  volume This 
volume i s  q u e s t io n a b le  s in c e  i t  i s  n o t  determined from experim enta l da ta  
and becomes an a d j u s t a b le  param eter to  match r e s i s t i v i t y  measurements.
The concept o f  d i s s ip a t i o n  o ccu rr in g  in  a narrow sh ea th  i s  ques­
t io n a b le  from th e  p e r s i s t a t r o n  beh av io r .  Suppose th a t  we have two p a r ­
a l l e l  p o r t io n s  o f  th e  w ir e ,  bo th  ca rry in g  a c u r re n t .  The model suggests  
t h a t  each segment i s  c a r ry in g  the same amount o f  c u r r e n t ,  b u t  one segment 
i s  su p p o r t in g  a v o l ta g e  drop due to  d i s s ip a t i o n  w hile  the  o th e r  i s  no t.  
From the  p e r s i s t a t r o n  t h e o r y o n e  f inds  t h i s  i s  an u n s ta b le  o r  p o ss ib ly  
m etas tab le  c o n f ig u ra t io n  which decays toward a c o n f ig u ra t io n  i n  which 
d i s s ip a t io n  i s  o c c u r r in g  over an e n t i r e  c ro ss  s e c t io n .
Suppose t h a t  we now propose a model t h a t  does n o t  invo lve  a d i s s i ­
p a t io n  volume, b u t  in s t e a d  co n s id e r  the d i s s ip a t io n  o c cu rr in g  eq u a l ly  
over the e n t i r e  volume o f  the sample, except p o s s ib ly  a sm all region n e a r
the w ire  ax is  which must be cons idered  norm al. Measurements o f  B(r) by
18S ikora , M akiej, and T ro jn a r  f o r  a type I I  w ire  in  the  mixed s t a t e  i n d i ­
cate  th a t  the c u r r e n t  d e n s i ty  in c re a s e s  to a maximum a t  the  w ire  a x i s .
They p re s e n t  cu rves  t h a t  show th e  ty p ic a l  v a r i a t i o n  o f  the  magnetic induc­
t io n  as a fu n c tio n  from the  c e n te r  of th e  w ire .  Data by S ik o ra ,  £ t  a l . 
support the concep t o f  nonuniform c u r re n t  d e n s i ty .
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The concept o f  nonuniform  c u r r e n t  d e n s i ty  leads  us to the  r e q u i r e ­
ment o f  a co n s tan t  Lorentz  f o r c e ,  independent o f  the r a d i a l  d is ta n ce  o f f  
the ax is  f o r  a homogeneous w ire .  R eca ll  t h a t  the  Lorentz  fo rc e  pe r  u n i t  
le n g th  o f  f lu x  l i n e  i s  g iven  by
F_ = J  $ s in  L o
and the  c u r re n t  i s  assumed p u re ly  l o n g i tu d in a l .  From elem entary  e le c ­
t r i c i t y  and magnetism th e  f i e l d  a t  a d i s ta n c e  r  from a w ire  o f  rad iu s  a 
i s  given by
Vo l ( r )
= - S T -  '  i  "
Since in  the p rev ious  model we assumed J  f  J ( r )  and B^(r) r ,  then
c l e a r ly  F^ « B J  = r  and we see  t h a t  th e  Lorentz  fo rc e  decreases  as we
move inward toward the  w ire  a x i s .  Thus a c u r re n t  d i s t r i b u t i o n  i s  needed
t h a t  in c re a s e s  w ith  d e c re a s in g  r  to  make the  Loren tz  fo rc e  independent o f
p o s i t i o n  in  the  w ire .  This m o d if ic a t io n  o f  J ( r )  to  produce such a
Lorentz fo rce  w i l l  p robab ly  n o t  be very  much s in c e  t h i s  m o d if ic a t io n  a lso
r e s u l t s  in  a  m o d if ic a t io n  o f  B ( r ) .w
Suppose we sea rch  f o r  J  = J ( r )  in  the  sm all ang le  approxim ation 
by r e c a l l i n g  t h a t  p e r  u n i t  le n g th .
L o Bapp
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and ■‘o 1 ( f )
2irr
Bw(r) 2irr° ' J ( r ) -d A
For c y l i n d r i c a l  geometry o f  az im utha l symmetry, we w r i t e
2iTr J ( r ' )  2 ï ï r ’ d r '
f  r -  d r '
app ^
J ( r )K = I J ( r ' )  r '  d r ' (2 .16)
In  o rd e r  to  so lv e  eq .  (2 .16) assume a  power law form f o r  J ( r ) ,  i . e . ,
J ( r )  = Jo r (2 .17)
a b s t i t u t i n g  eq . (2 .17 )  in t o  eq. (2 .16) one f in d s  th a t
For t h i s  to  be a c o n s ta n t  we choose n  = % ,
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Thus eq. (2 .16) i s  indeed  a c o n s ta n t  i f  we s e l e c t  n = % so t h a t  eq . (2.17) 
becomes
J ( r )  = J o r (2 . 18)
18I t  i s  i n t e r e s t i n g  to  n o te  t h a t  S iko ra ,  e t  a l .  have curves o f  
B (r) which make i t  p o s s ib le  to  f in d  J ( r ) .  One o f  t h e i r  curves (F ig .  2, 
curve C) was analyzed by computer and we found from t h e i r  d a ta  t h a t  
B(r) “ r ^  so t h a t  J ( r )  = dB /dr “ r  An " in s ta n ta n e o u s  s lo p e"  method 
in  con junc tion  w ith  th e  computer y ie ld e d  s im i l a r  r e s u l t s  t h a t  J ( r )  = r
+
J ( r )
J c
4J
0
J ( r )  = J  ( a / r )
3J o
2J
0
J o
F igure  4. C urrent D i s t r i b u t io n  In s id e  a Superconductor
We can make a sk e tch  o f  J ( r )  vs . r  to  g e t  some id e a  o f  i t s  
p h y s ic a l  v a r i a t i o n  throughout th e  w ire .  F ig . 4 shows a square  ro o t  s i n ­
g u la r i t y  a t  the  o r ig in  t h a t  can be e l im in a te d  by assuming t h a t  the core
o f  the  w ire  i s  normal so t h a t  J ( r )  = J  f o r  0 < r  < r  , which i sc — — c
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determ ined by r e q u i r in g  an equal v o ltag e  drop between sample ends.
The c u r re n t  thus f a l l s  to i t s  c r i t i c a l  value  J  a t  the co re ,  and thec
square r o o t  s i n g u l a r i t y  i s  removed.
Even though the  Lorentz  fo rc e  i s  n o t  a fu n c t io n  o f  r  and the  d is ­
s i p a t i o n  i s  o c c u r r in g  uniformly th roughout th e  volume o f  the w ire ,  the 
d i s s ip a t io n  r a t e  i s  s t i l l  n o t  f ix e d  a t  a c o n s ta n t  because  the  f lu x  l i n e s  
can p o s s ib ly  "pack" as they p e n e t r a te  th e  w i r e .  Eq. (2 .4 )  sugges ts  t h a t  
f o r  c o n s ta n t  and Fp the f lu x  l i n e  v e l o c i ty  v^ shou ld  a lso  be co n s ta n t .  
This im p lie s  an inhomogeneous f lu x  d e n s i ty  as a fu n c t io n  of r  and conse­
q uen tly  a d i s s i p a t i o n  volume r a t e  which i s  l a r g e s t  a t  p o in t s  n e a r  the  
ax is  o f  the  w ire  in  s teady  s t a t e .
I f  Vg i s  a c o n s ta n t ,  independen t o f  r  excep t f o r  r  < r^  , then 
the  f lu x  d e n s i ty  must in c re a s e  in v e r s e ly  as r .  We expec t  th i s  to  occur 
when the  f lu x  d e n s i ty  i s  low everywhere and th e  i n t e r a c t i o n  of f lu x  l in e s  
i s  almost n e g l i g i b l e .  On the  o th e r  hand, i f  the  f lu x  l i n e  v e lo c i ty  
in c re a s e s  as th e  rad iu s  d e c re a se s ,  then the  r a t e  o f  in c re a s e  o f  the  f lu x  
d e n s i ty  w i l l  be l e s s  than r  \  This would r e s u l t  i n  a b u i ld -u p  o f l i n e s ,  
o r  an in c re a s e  i n  the f lu x  d e n s i ty  n e a r  th e  c e n te r  o f  the  w ire .  The 
i n t e r a c t i o n  among f lu x  l i n e s  w i l l  be s i g n i f i c a n t  and could p o ss ib ly  
r e v i s e  the  p i c t u r e  o f  f lu x  motion. We would a lso  expec t  some m o d if ica t io n  
to  occur when th e  spac ing  of th e  f lu x  l i n e s  becomes comparable w ith  the  
p e n e t r a t io n  dep th .  One f in d s  t h a t  th e  assum ption o f  f lu x  conserva tion  
cannot be m a in ta in ed ,  i . e . ,  f lu x  l i n e s  must d i s s i p a t e  a t  the  core  r a d iu s .
An a p p ro p r ia te  choice o f  f lu x  d e n s i ty  n ( r )  makes the  d i s s ip a t io n  
d e n s i ty  c o n s ta n t .  This i s  found by c o n s id e r in g  th e  d i s s ip a t io n  due to 
the d r iv in g  Lonrentz  fo rce .  One beg ins  w i th  eq. (2 .4 )  and w r i te s  i t
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per  u n i t  volume. Looking j u s t  a t  th e  L oren tz  fo rce  terms we can determ ine 
i f  the  d i s s ip a t io n  r a t e  i s  uniform.
F, *vL f  n n
F-r = 1L f  n n ( r ) J ( r )  n ( r )  -
w
app
■ n
*0 ■'o 1 1
app n ( r )  ^3/2 o
J  I dr
2$ J  2 a2o o
3B.app
1
n ( r ) 2
Thus i f  F^^v^ i s  a c o n s ta n t ,  then t h i s  im p lie s  t h a t  n ( r )  i s  a l so  a 
c o n s ta n t .  T here fo re ,
n ( r ) i n t (2 .19)
We have c o n s tru c te d  a  model w ith  two very  im p o rtan t  f e a t u r e s :
(1) the L oren tz  fo rce  p e r  u n i t  volume i s  a c o n s ta n t  th roughout the w ire ,
(2) the d i s s ip a t io n  i s  o ccu rr in g  uniform ly  throughout the w ire .
The same techn iques  employed in  Model I  are  used to  f in d  the  
c u r r e n t -v o l ta g e  c h a r a c t e r i s t i c s  f o r  t h i s  model. The power d i s s ip a t i o n  
in  the  w ire  i s  equated  to  the  power su p p l ie d  by the  d r iv in g  fo r c e .
I 'V  = I F ^ 'v ^  d^r ( 2 . 20)
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R eca ll in g  t h a t  the  Lorentz fo rc e  per  u n i t  volume i s  given by
F_ = J  n $ s in  L o
and the excess  fo rc e  by
- Fj, = i n  Vj ,
then the  power d i s s ip a t e d  by the  d r iv in g  fo rce  on the  f lu x  l i n e  i s
L f  n n L L P
Using th e  sm all  ang le  approxim ation so t h a t  s in  9 - /  B^^^ and us ing
the  f lu x  d e n s i ty  c o n d i t io n  s t a t e d  by eq. ( 2 .1 9 ) ,  th e  c o n d i t io n  o f  con­
s t a n t  d i s s ip a t io n  p e r  u n i t  volume i s  s a t i s f i e d  and we can w r i t e
I 'V  =
B in t  '
B. wi n t  B J ( r )app
-  ^  F ,
app
d^r
$ IT a “^ L I p -J 2
I . v  ■ I B J ( r )  j  - 8 F p J ( r ) B „
i n t
$ 7T a^ L r % y„
r 2
;  n B • L ^o
a
r
0
2ïïr J ( r ' )  2irr’ d r 'app 3
2irr J ( r ' )  2 n r '  d r '
I*V =
$ ir L
0
T1 Bapp
e J
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2y a
-
2y a
f (2 .2 1 )
Let us e v a lu a te  J  , which i s  J  ^ . Now J ( r )  i s  f ix e d  byo s u r fa c e
the  c o n d i t io n
I  = j J ( r )  2irr dr 
o
f o r  c y l in d r i c a l  symmetry. C onsidering  the  core volume and the  o th e r  
volume s e p a ra te ly
I  = 2 i t  I r '  d r '  + 2ir | J ( r ' )  r '  d r '
S u b s t i t u t i n g  f o r  J ( r ' )  from eq . (2 .1 8 )  and i n t e g r a t i n g .
I  = ^  J  a^ ( a^ /z  _ X ) + irr  ^ J  3 o c c c
The c u r r e n t  J  i s  an i n t r i n s i c  fu n c t io n  o f  the  a l lo y  and r  i s  the  c r i t -  c c
i c a l  rad iu s  a t  which the  c u r r e n t  J  takes  p la c e .  As long  as r  <<a andc c
m r p  rnni i s  by volume, then the c o n t r ib u t io n  o f  the  core  i s
n e g l ig ib l e  and we can w r i t e  app rox im ate ly ,
(2 . 22)
Comparison of th e  c u r r e n t  d e n s i ty  to  one o f  a  uniform d i s t r i b u t i o n  
y i e ld s
J  — 2ira'^
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Tlie su r fa c e  c u r r e n t  d e n s i ty  i s  thus down by 25% from the  uniform  cur­
re n t  d e n s i ty  case due to  the f a c t o r  3 /4.
In  o rd e r  to  f in d  the  v o l ta g e  produced by the  moving f lu x  l i n e s ,  
s u b s t i t u t e  fo r  from eq. (2 .22) in to  eq . (2 .21)
X ar L $
V = n Bapp
0 _1 
I
9 I 2 2 Wo *
16 77^  3
-  F.. 9 2 Wp a
16 TT^ a^ 3
L $
V =
n Bapp 8 *0 *
3 3 I
■ .8  "o A
Define
L $
n Bapp %
(2.23)
Thus the  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  f o r  t h i s  model i s  cub ic  i n  cur­
r e n t ,  j u s t  l i k e  th e  un ifo rm  c u r r e n t  d en s i ty  model.
I f  eq . (2 .2 3 )  i s  to  be ana lyzed , d a ta  must be p l o t t e d  i n  the  same 
way as th e  f i r s t  model. D efin ing  the  s lo p e  as m and the  i n t e r c e p t  as b 
on a p l o t  o f  V /I v s . I ^ ,  one can so lv e  fo r  the f i e l d  p e n e t r a t i o n  r a t i o  
as w e ll  as the  p in n in g  fo rc e  in  terms o f  known q u a n t i t i e s
m
E>
0
L 0 k^ ^app ^ (2.24)
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' p  “ f f - t  V  " • <2-25>
N otice  t h a t  th e  s lope  i s  an i n d i c a t i o n  of the  f i e l d  p e n e t r a t io n  and the 
i n t e r c e p t  i s  a measure o f  the  p in n in g  fo rc e .  As was encountered  in  the 
f i r s t  model, g and Fp a re  de f in ed  in  terms o f  th e  unknown v i s c o s i t y  
c o e f f i c i e n t  p . I t  may n o t  be p o s s ib le  to  o b ta in  numbers fo r  g and Fp 
w ithou t r e ly in g  on o th e r  d a ta .  This was a lso  th e  case  encountered  in  
the f i r s t  model.
To f in d  the  r e s i s t i v i t y  d i f f e r e n t i a t e  eq. (2 .2 3 ) .  F i r s t  r e w r i te  
the e q u a t io n  and c o n s id e r  j u s t  the  f i r s t  te rm , s in c e  the  second term i s  
unim portan t i n  r e s i s t a n c e  measurements. The second term co n ta in s  th e  
p inn ing  fo rc e  which shou ld  no t a f f e c t  the flow r e s i s t i v i t y .  Thus
n Bapp 8 “o *
dV 3 L
" *  'a p p
3 y I
0
8 TT a (2 .26)
We id e n t i f y  th e  term  in  p a re n th e s i s  by co n s id e r in g  th e  "average" 
m agnetic in d u c t io n  in  the  w ire .  We assume th a t
J B = J  B
r  y '
J  B 5 J ( r )  I J ( r ’ ) 2mr' d r '
S u b s t i t u t i n g  fo r  J ( r )  from eq. (2 .1 8 ) ,  we can then w r i t e  the  "average"
34
m agnetic in d u c t io n  in  the w ire  as
J  B = I  Vq V  ^ . (2 .27 )
Using eq. (2 .22) and the d e f i n i t i o n  of B we can w r i t e
B = zL_B
w —
3 y I
The term i n  eq . (2 .26) i s  an average m agnetic volume in d u c t io n .  
This i s  s i m i l a r  to  the  magnetic in d u c t io n  a t  the  su r fa c e  of a w ire  
c a r ry in g  a uniform  c u r r e n t  d e n s i ty
w 2 IT a ’
the only  d i f f e r e n c e  i s  a  f a c t o r  "3 /8"  r a th e r  than " 1 /2 " .  S u b s t i tu t in g  
eq. (2 .28) i n t o  eq . (2 .26)
j Z  .  - I l f s .  B B 2
d l A n B wapp
^  _ 3 L B » , , ,
dl A n  (2.29)
whe re —
_ -  _ wtan  (J)c ~ Bapp
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Now the  problem a r i s e s  as how to d e f in e  a r e s i s t a n c e  from eq. (2 .29), 
Consider the  s lab  in  a t r a n s v e r s e  f i e l d  by beg inn ing  w ith  eq. (2 .20 ) and 
r e a l i z i n g  t h a t  the  L oren tz  f o r c e  i s
F^'Vr =L f n n F i ;  -  Fb Fp
I 'V  = I F^'V^ d^r
I 'V  = A L n n ( j  n -  ( j  n $^)FP
n
I  -  *o Fp
^  ^ L ^ 
d l n A
There i s  no ques tion  about r e s i s t a n c e  in  the  l i n e a r  reg io n .
L B
(2 .30)
Comparing w ith  eq. ( 2 .2 9 ) ,
B tan^^
iY  -  ^ ^ *0 ^app 
d l  A n
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1_____ dV _ "app
L B  2
And thus the r e s i s t i v i t y  i s  given by
2% dl n A n fH R. . (2 .3 1 )
iY. A
p = --------- — ..... = ^app . (2 .32)
3 tan^(|) n n
One can e i t h e r  use th e  r i g h t  hand s id e  o r  th e  l e f t  hand s id e  to c a l c u la te  
the  r e s i s t i v i t y .
N o tice  from eq . (2 .32) th a t  one encoun ters  problems s i m i l a r  to  
those o f  eq. (2 .13) o f  th e  f i r s t  model. The r e s i s t i v i t y  can be determined 
only to  w i th in  the  c o n s ta n t  g o r  q . This means t h a t  i n  o rd e r  to  o b ta in  
a pure number f o r  p^ , th e se  q u a n t i t i e s  must be e v a lu a te d  by u s in g  d a ta  
from ano th e r  experim en t.  This problem does no t a r i s e  in  s la b  geometry 
w ith  t r a n s v e r s e  f i e l d  s in c e  g=1 and a l l  the  q u a n t i t i e s  o f  th e  l e f t  hand 
s id e  o f  eq. (2 .32) a re  determ ined from experim en t.  The number f o r  
can be equated  w ith  th e  r i g h t  hand s id e  to  f in d  the v i s c o s i t y  c o e f f i c i e n t .
Comparison o f  Models
One f in d s  s t r i k i n g  s i m i l a r i t i e s  between th e  two models. R eca ll  
t h a t  the f i r s t  model assumes a uniform  c u r r e n t  d e n s i ty  and a nonuniform 
Lorentz fo rce  w ith  d i s s ip a t i o n  o c c u r r in g  in  a sm a ll  volume o f  th e  w ire ,  
the d i s s ip a t io n  volume 0. The second model, on the  o th e r  hand, r e s u l t s  
in  the  assumption o f  nonuniform c u r r e n t  d en s i ty  and a uniform , o r  c o n s ta n t ,  
Lorentz fo rce  w ith  d i s s ip a t io n  o ccu rr in g  uniform ly throughout the  volume 
of the  w ire .  Both models equate  the power d i s s ip a t e d  to  the  power
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s u p p l ie d  by the  d r iv in g  fo r c e ,  F^. The s a t i s f y i n g  r e s u l t  i s  t h a t  bo th  
models g ive  a c u r r e n t -v o l ta g e  c h a r a c t e r i s t i c  showing t h a t  the  v o l ta g e  
produced during  f lu x  flow i s  p ro p o r t io n a l  to  the  t h i r d  power o f  the t r a n s ­
p o r t  c u r r e n t .
We w i l l  now show t h a t  bo th  models reduce to the  same r e s u l t s  
(w ith in  a  co n s ta n t)  and thus give the  same r e s i s t i v i t y  and comparable 
f i e l d  r a t i o s  and p inn ing  fo r c e s .  Suppose we fo rce  th e  r e s i s t i v i t i e s  
to  be the  same by bo th  models, which they h o p e fu l ly  sho u ld  b e .  (L a te r  
we w i l l  show t h a t  th e  r e s i s t i v i t i e s  a re  e x a c t ly  the  same by bo th  models.) 
Assume th a t
P j = P j j  . (2 .33)
E qua ting  eq. (2 .13) o f  Model I  w ith  eq . (2 .32 ) of Model I I  g ives
dV A „ dV A 
app^ d l L _ app dl L
3 0 ,2  3 911% B ,/
S u b s t i t u t i n g  f o r  B__ from eq .  (2 ,28a) and f o r  from eq. (2 .28 ) one 
ob t a in s
^  6 ; ;  (2 .34a)
o r  = Y (2.34b)
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Let us f in d  the  r e l a t i o n s h ip  between g from eq. (2 .8 )  and 3 .^^
from eq. ( 2 .2 4 ) ,
(2 . 8)
® B n . (2 .24)I I  L k app
F i r s t  r e w r i te  Btt by r e c a l l i n g  t h a t  n<I> = B.I I  ^ o i n t
•
Forming th e  r a t i o  of to  and assuming t h a t  the d i s s ip a t io n
volume n i s  th e  sample a re a  times th e  sample le n g th  which cancels  
w ith  the  f lu x  l i n e  d e n s i ty ,  then
k%
Using th e  d e f i n i t i o n s  o f  c from eq. (2 .7 )  and k from eq. (2 .23) gives
Bf = ^  BlI (2 .34a)
o r ~ 3  • (2.34b)
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I t  i s  very  s a t i s f y i n g  th a t  the  fo rm u la tion  of eq. (2 .34) r e s u l t s
in  the r e s i s t i v i t y  by bo th  models g iv ing  the same r e s u l t ,  as was the
assumption o f  eq. (2 .3 3 ) .  This i s  what one n a t u r a l ly  hopes f o r .  The
f a c t o r  "4 /3"  tu rn s  ou t to be s i g n i f i c a n t  in  ano the r  way, as seen from
comparing B and B from eq . (2 .28a) and eq. (2 .2 8 ) .  w w
3 ^o I  . ^o 1
B 8 TT a 2 IT aw
3
B = — Bw 4 w (2 .35a)
• (2.35b)
Thus the  d i f f e re n c e  in  S between models a r i s e s  because  o f  th e  d i f f e re n c e  
in  form o f the  f i e l d  due to  the t r a n s p o r t  c u r r e n t ,  i . e .  , because o f  the.
assumption o f  the  c u r r e n t  d i s t r i b u t i o n  in  the w ire .
O ther Models
Both Model I and Model I I  were proposed on th e  assumption of
p u re ly  lo n g i tu d in a l  c u r r e n t  flow. This i s  known to  be i n c o r r e c t  from
numerous experim ents .  The consequence o f  t o t a l  a x i a l  flow i s  a maximum
d is s ip a t io n  s in c e  any param agnetic  s p i r a l  of the  c u r r e n t  reduces the
angle between the t r a n s p o r t  c u r r e n t  and the h e l i c a l  magnetic f i e l d  and
thus reduces the  magnitude of th e  Lorentz fo r c e ,  as seen  by eq. (2 .1 ) .
S evera l o th e r  models have been devised to  t r y  to  e x p la in  the
e f f e c t s  o f  f lu x  motion in  a lo n g i tu d in a l  f i e l d .  LeBlanc, B elanger,  and 
19F ie ld in g  r e p o r t  on two models, one o f  which i s  com patib le  w ith  our
geometry. The F o rce-F ree  Model assumes t h a t  th e  c u r r e n t  d e n s ity  i s
40
d i r e c t l y  r e l a t e d  to  the f i e l d  as
J ( r )  = f (B ,r )  B(r) 
The assumption i s  made t h a t
f (B ,r )  = a(H^)
where H i s  the  t o t a l  f i e l d  a t  the  s u r fa c e  o f  th e  w ire  a n d a i s  a c o n s ta n t .  
T
Thus, fo r  t h i s  model, J  X B = 0 , so t h a t  the  Lorentz  fo rce  i s  zero and
no f lu x  flow can occur .  Agreement between d a ta  and theory i s  l im i t e d  to
19an id e a l  type I I  superconduc to r .  A r e v e r s ib l e  type I I  superconduc to r
can carry  much h ig h e r  c u r re n ts  in  lo n g i tu d in a l  r a t h e r  than t r a n s v e r s e
20f i e ld s  due to  the  zero L oren tz  fo rce .
19The M eissner Model (Nearly For c e -Free Model) o f  LeBlanc, e_t a l . 
gives good q u a l i t a t i v e  agreement w ith  our models. T he ir  model assumes 
a uniform c u r r e n t  d e n s i ty  and makes use o f  S i l s b e e 's  r u le  to  f in d  the 
t o t a l  f i e l d .  The model re q u ire s  the magnetic p re s s u re  g r a d ie n t  to  be 
zero th roughout the  specimen, i . e . .
P -= Vb2 = 0 m
and the Lorentz  fo rc e  to  be nonuniform and inw ard. The consequence of 
the model i s  t h a t  the  c u r r e n t  s p i r a l s  a t  approx im ate ly  o n e -h a l f  the p i t c h  
o f  the  m agnetic f i e l d ,  i . e . ,
tan <i> = h tan  i{)
where (|)^  i s  th e  ang le  between axis and c u r r e n t  flow and
i s  th e  angle between axis and t o t a l  m agnetic  in d u c t io n  B.
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This i s  s i m i l a r  to  our models, except our c u r r e n t  i s  assumed to  flow
along the  d i r e c t i o n  of the  a x i s .  The f a c t o r  due to  the  f i e l d  and
c u r re n t  s p i r a l  i s  in t ro d u ced  in  th e  Lorentz  fo rce  c a l c u l a t i o n ,  so t h a t
19t h e i r  L oren tz  fo rc e s  a re  o n e -h a l f  o f  our v a lu e s .
21LeBlanc proposed an o th e r  model in  which the  Loren tz  fo rce  i s  
a c o n s ta n t  and i s  defined  by the  usual e q u a t io n ,  such as eq. ( 2 .1 ) .  The
c u r re n t  d e n s i ty  then a d ju s t s  i t s e l f  to  allow f o r  th i s  to  occur. The
cu rren t  d e n s i ty  i s  th e  v e c to r  sum o f a x ia l  and azim uthal c u r re n t  d e n s i t i e s ,
m  . (j/ + .
LeBlanc adds th e  a d d i t io n a l  r e s t r i c t i o n  t h a t  the  lo n g i tu d in a l  c u r r e n t  
d e n s i ty  | j ^ j  i s  uniform and he allows | j g |  to  change i n  magnitude to
p rov ide  f o r  a  c o n s ta n t  L o ren tz  fo rc e .  S ta r t in g  w ith  M axwell's  e q u a t io n ,
, dB
4 it .   z
10 ^0 dr ’
LeBlanc d e r iv e s  an equ a t io n  f o r  B ^ (r ) .  In o rd e r  to  compare th e se  r e s u l t s  
w ith  e i t h e r  o f  our models, we would have to  dec ide , f o r  example, on the 
average v a lu e  o f  j^  fo r  L eB lanc 's  model to  so lv e  fo r  some c u r r e n t -v o l ta g e
r e l a t i o n .
London and Walmsley^^ n o te  th a t  f lu x  flow occurs when J X B f  0. 
They found t h a t  o f te n  the f lu x  flow phenomenon i s  n o t  c l e a r ly  i d e n t i f i a b l e  
a t  la rg e  f i e l d s  and do n o t  o f f e r  an ex p la n a t io n .
CHAPTER I I I
THE EXPERIMENT
Experim ental Design
In  o rd e r  to  i n v e s t i g a t e  f lu x  motion in  a type I I  superconduc to r ,
a s u i t a b l e  sample shou ld  be s e l e c t e d .  An a l lo y ,  i f  chosen , should  be a
good type I I  su p erconduc to r ,  shou ld  be easy  to p re p a re ,  shou ld  be very
22homogeneous, and should  be easy to  work w ith .  Due to  th e se  reasons as
w ell as o th e r s ,  lead - ind ium  a l lo y s  were s e l e c t e d  fo r  i n v e s t i g a t i o n .  I t
i s  well-known t h a t  le ad - in d iu m  a l lo y s  a re  very homogeneous in  the range
from 35 a tom ic p e rc e n t  to  95 atomic p e r c e n t  le a d .  This i s  e v id e n t  from
2 3the  phase diagram in  F ig .  5 .  An a l lo y  o f  83 atomic p e r c e n t  le ad  and 
17 atom ic p e rc e n t  indium was a r b i t r a r i l y  chosen s in c e  p u b l ish e d  da ta  
e x i s t  on m a g n e tiz a t io n  and f lu x  flow f o r  s lab  geometry in  lo n g i tu d in a l  
and t r a n s v e r s e  magnetic f i e l d s .  These r e s u l t s  may be  h e lp f u l  in  ana­
ly z in g  f l u x  flow d a ta  o f  c y l i n d r i c a l  geometry i n  a l o n g i tu d in a l  magnetic 
f i e l d .
Sample P re p a ra t io n  
The s t a r t i n g  m a te r ia l s  employed were 99.9999% p u re  le a d  wire^ of 
4 mm d ia m e te r ,  99.9999% pure indium s h o t ,^ ^  and 99.999% pure  indium wire^
^The le a d  and indium w ires  a re  s u p p l ie d  by E le c t r o n i c  Space 
P roducts  I n c . ,  Los Angeles.
^^The indium s h o t  i s  s u p p l ie d  by Cominco America I n c . ,  Spokane, 
Washington.
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of 0.0254 cm d iam ete r .  The lead  w ire  was f i r s t  cleaned w ith  an e tch in g  
s o lu t io n  o f  4 p a r t s  g l a c i a l  a c e t ic  ac id  and 1 p a r t  30% hydrogen peroxide 
b e fo re  any measurements were taken . The e tch in g  s o lu t io n  seemed to 
r e a c t  very qu ick ly  w ith  P b ln ,  so the s o lu t i o n  was d i l u te d  to  8 p a r t s  a c e t i c  
ac id  and 1 p a r t  hydrogen perox ide .
The atomic p e rcen tag es  were converted  to  w eight p e rce n tag es  so
th a t  the le ad  and indium could be weighed d i r e c t l y  on an a n a l y t i c a l  b a l -  
2 3ance. This means now t h a t  one needs 89.82% by w eight of Pb and 10.18% 
by w eight of In  in  o rd e r  to ob ta in  a sample o f  Pbg^In^^ (where the  sub­
s c r i p t s  denote atomic p e rc e n ta g e s ) .
By co n s id e r in g  the  dimensions of the sample of F a r r e l l ,  £ t  a l . ^  in  
the  s la b  geometry, i t  was decided to make a  comparable sample o f  c y l in ­
d r i c a l  w ire  of d iam ete r  0.0508 cm. A f te r  c a r e fu l  d isc u ss io n s  w ith  Mr. Gene 
S co tt  (shop foreman a t  the  U n iv e rs i ty  o f  Oklahoma), i t  was a s c e r t a in e d  th a t  
an e x t ru s io n  d ie  cou ld  be made to  work i n  con junction  w ith  a 30 ton  hydrau­
l i c  p re s s  of Dr. S tan ley  Babb, J r .  (P ro fe s so r  of P h y s ic s ) .  The e x t ru s io n  
appara tus  was designed  as shown in  F ig .  6.
A f te r  the  e x t ru s io n  appara tus was c o n s t ru c te d ,  the p ro p e r  weights 
of le ad  and indium were p la ced  in  a Pyrex  g la s s  h o ld e r  to be mixed and 
c a s t  in to  c y l in d r i c a l  form to  f i t  th e  e x t ru d e r .  Tlie tube was f lu sh ed  wi th 
argon, evacuated  and s e a le d  a t  5 microns o f  p re s s u re ,  and p la c e d  in  a 
furnace to  make th e  f i n a l  c a s t in g .  The g la ss  h o ld e r  c o n ta in in g  the  sample 
was r o ta t e d  f o r  30 minutes a t  a r a t e  o f  30 re v o lu t io n s  p e r  m inu te , allowed 
to remain a t  350° C f o r  1% h o u rs ,  shook f o r  30 m inutes, and then  a i r  
quenched.
The Pbln  s lu g  was cleaned w ith  the  e tc h in g  s o lu t io n  b e fo re  being 
p laced  in  the  ap p a ra tu s  f o r  e x t ru s io n .  The s lu g  and e x t ru d e r  were p laced
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under the  30 ton  p re s s  and p re s s u re  was a p p l ie d  very  s low ly , a l low ing  the 
sample to  come to therm al e q u i l ib r iu m  and flow uniform ly . At 5 tons  of 
p re s su re  th e  w ire  began e x tru d in g  and con tinued  fo r  a few minutes u n t i l  
approxim ately  5 f e e t  o f  w ire  were o b ta in e d  and the  p re s su re  had dropped 
to  3 to n s .  During t h i s  tim e, a c o n s ta n t  fo rc e  was m ain ta ined  on the  han­
d le  o p e ra t in g  th e  h y d ra u l ic  p re s s  in  an a t tem p t to  m ain ta in  a c o n s ta n t  
p re s su re  on th e  sample be ing  ex tru d e d .  As the  e x t ru s io n  p rocess  con tinued , 
the 0.0508 cm w ire  was wound onto a  m e ta l spoo l of 2 inch  d iam ete r .  Tlie 
spool and w ire  were s to r e d  in  l i q u i d  n i t r o g e n  to  p rev en t an n ea lin g  of 
the w ire .
Magnet Design
One must des ign  a s u i t a b l e  sample h o ld e r  and a magnet to  be used 
to apply an e x t e r n a l  lo n g i tu d in a l  m agnetic f i e l d .  We re q u ire d  a l i n e a r ­
i t y  o f  0.1% over  the  2 cm le n g th  o f  th e  sample. The f i r s t  magnet used in  
t h i s  experim ent was 10 inches  long and was wound to a l i n e a r i t y  o f  0 .  1% 
over the  7 cm sample. The main drawback of th e  magnet i s  i t s  le n g th  which 
r e q u ire s  5 l i t e r s  of l i q u id  he lium  to  cover i t  i n  the helium  Dewar used.
This long  magnet a l so  r e q u i r e s  long  samples and consequently  co n s id e ra b le  
amounts of Pbln  w ire .  The magnet was e l im in a te d  in  favo r  of a s h o r t e r  one 
which was used to  take  f i n a l  d a ta .
The superconduc ting  magnet i s  l i n e a r  over  one inch  to  0.1%. The 
magnet i t s e l f ,  as shown i n  F ig .  7, i s  4 inches  long and i s  wound, w ith  the  
a id  o f  a v a r i a b l e  speed  l a t h e ,  on a  hollow  p h e n o l ic  core o f  o n e -h a l f  inch 
d iam eter .  C a lc u la t io n s  were made to  determ ine th e  number o f  la y e r s  o f  
NbZr w ire  needed to g ive 0.1% l i n e a r i t y  over  one inch w ith  an approximate
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r a t i n g  o f  2,000 gauss a t  5 amps. ^ The magnet needs a tu rn  d e n s ity  pe r
l a y e r  of 28 .1  tu rns /cm  fo r  13 la y e r s  to  meet th e se  s p e c i f i c a t i o n s .  A
c a l c u la t io n  was made using  th e  formula f o r  a f i n i t e  so le n o id  to  determ ine
a t h e o r e t i c a l  c o i l  c o n s ta n t .  The magnet was l a t e r  experim en ta lly  c a l i -
25b r a te d  us ing  a H all  p robe.
Sample Holder
There was some q u e s t io n  concerning th e  m a te r ia l  to be used as a 
sample h o ld e r .  We found t h a t  the  sample cannot be annealed in  the  h o ld e r  
due to  an i n t e r a c t i o n  between Pbln and PbSn s o ld e r .  The sample h o ld e r  
w i l l  n o t  have to  w i th s ta n d  la rg e  annea ling  te m p era tu re s ,  so p h en o lic  can 
be used as s t a r t i n g  m a te r i a l .
P h en o lic  has th e  advantage o f  be ing  very  easy to  work w i th .  F ig .  8 
shows two types  o f  p h e n o l ic  h o ld e rs  employed i n  the experim ent. Tlie 
h o ld e rs  a re  very e a s i l y  machined and can be c o n s tru c te d  in  l e s s  than a 
day. The h o ld e r  i s  o b ta in e d  from a s o l i d  c y l in d e r  o f  o n e -h a l f  inch  diam­
e t e r  p h e n o l ic  t h a t  i s  s p l i t  leng thw ise  to  f i t  th e  core o f  the  magnet.
Voltage Leads
A fo u r-p ro b e  te ch n iq u e  i s  employed in  d a ta  ta k in g .  This im p lie s  
t h a t  v o l ta g e  le a d s  a re  a t ta c h e d  in  some manner to  the  sample. The obvious 
method i s  to  s o ld e r  the  v o l ta g e  le a d  (#34 gauge copper w ire)  d i r e c t l y  to  
the  sample. This i s  a s ta n d a rd  techn ique  used by experim enters  measuring 
thermomagnetic e f f e c t s .  They use p o in t - s o ld e r in g  and an indium -base
^The a l lo y  w ire  i s  a v a i la b le  from Norton-Supercon D iv is io n ,  
M atick , M ass.,  and has a d iam ete r  o f  0.0127 cm w ith  a la y e r  o f  0.0051 cm 
o f  formvar i n s u l a t i o n .
49
HOLDER WITH GROOVES
HOLDER WITH CLAMPS
IT  IT - REMOVABLEI <$"—
j U bl.
HOLDER WITH REMOVABLE SECTION
Figure  8. Sample Holders
50
s o ld e r  w ith  a V ariac  to  vary  th e  h e a t .  Another experim en ter  i n  f lu x  flow
s tu d ie s  o b ta in e d  b e s t  r e s u l t s  when the v o l ta g e  le a d s  were wrapped around
28the sample and then s o ld e re d  w ith  Woods M etal.
S evera l  s o ld e r in g  techn iques  were a t tem p ted  using  a "Research 
29S o lder K it"  co n ta in in g  15 indium-based s o ld e r s  and 5 f lu x e s .  Merely 
r e h e a t in g  of th e  s o ld e r  a t  the  p o in t  of a t t a c h  o f  v o l ta g e  le ad s  to the 
sample r e s u l t s  in  a d r a s t i c  change in  c u r r e n t - v o l ta g e  da ta  of the sample.
S i lv e r  p a i n t ,  which i s  n e a r ly  i n e r t  and r e q u i r e s  no h e a t  to apply , 
i s  a l s o  inadequa te  as an agen t fo r  connecting  v o l ta g e  le a d s .  P a in t  add i­
t iv e s  in c re a s e  the p a in t  r e s i s t a n c e  and in t ro d u c e  c o n ta c t  r e s i s t a n c e  
which v a r ie s  from sample to sample.
I t  appears  t h a t  the  v o l tag e  leads  shou ld  be a t tach e d  to  the sample 
w ith o u t  in t ro d u c t io n  of a n o th e r  elem ent. The only  immediate a l t e r n a t i v e  
i s  to  make mechanical co n n ec t io n s ,  such as clamping the  sample and v o ltag e  
leads  to g e th e r  as shown i n  F ig .  8. Small, t h i n  copper s t r i p s  a re  p laced  
over th e  sample so t h a t  by app ly ing  p re s s u re  to  th e  s t r i p s ,  the  v o l ta g e
lead  connec tion  i s  made. I t  i s  no t  c e r t a in  w he ther  the leads  should  be
wrapped around the sample and then  clamped, l a i d  on top of the  sample and
then clamped, o r  p laced  between the p h en o l ic  h o ld e r  and copper b a r  and
clamped w ith  the  sample.
A t e s t  was made to  check the p o s s i b i l i t y  o f  th e se  s e tu p s .  A 
sample o f  99.9999% pure 0 .0508 cm d iam eter  l e a d  w ire  was p rep a red .  I t  
i s  a w e l l  annealed  type I  superconduc to r .  We do n o t  worry about inhomo­
g e n e i t i e s  in  the sample; th e r e f o r e ,  a l l  e f f e c t s  measured a re  due to  the  
superconduc to r  and n o t  to  the  experim enta l te c h n iq u e s .  I t  i s  assumed 
th a t  any v o l ta g e  v a r i a t i o n  from run to  run i s  due to  the  v o l ta g e  lead s
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r a t h e r  than to  the sample o f  le ad  w ire .  Tliree d i f f e r e n t  s e tu p s  o f  v o ltag e  
le ad s  were made: (1) the  le ad s  were wrapped around the sample s e v e r a l
times and then se c u re ly  clamped, (2) the  clamps were loosened from the 
f i r s t  sample and then t ig h te n e d  a g a in ,  (3) the  v o l ta g e  leads  were l a i d  
under th e  b a r  and clamped. The copper b a rs  a re  c lean  and f l a t  to  in su re  
good c o n ta c t .  Brass screws r a t h e r  than s t e e l  ones a re  used in  the  clamps 
because th e  screws do n o t  e x h ib i t  magnetic p r o p e r t i e s  and have about the 
same therm al p r o p e r t i e s  as copper.
For th i s  le a d  sample the c r i t i c a l  f i e l d  i s  550 gauss a t  4 .2 °  K.
The sample was s u b je c te d  to  f i e l d s  o f  400 gauss and 500 gauss to determine
th e  c r i t i c a l  c u r r e n t ,  I , and the normal c u r r e n t ,  I . The c r i t i c a l  cu r-c n
r e n t  i s  a r b i t r a r i l y  s e l e c t e d  as the  p o in t  of f i r s t  d e te c ta b le  change o f  
v o l ta g e  on the IpV s c a l e .  The th r e e  samples g ive  comparable r e s u l t s  a t  
bo th  f i e l d s .  We assume t h a t  the v o l ta g e  le a d  problem i s  so lv ed .  I t  
appears  t h a t  the  v o l ta g e  ac ro s s  the  sample i s  independen t of how t i g h t l y  
the clamp i s  secu red  and o f  how many times the  w ire  i s  clamped and undamped. 
One shou ld  make s u r e ,  though , t h a t  th e re  i s  good c o n ta c t  between the cop­
p e r  b a r ,  the  sample, and the  v o l ta g e  le a d .  A f te r  each clamping, the  Pbln 
sample becomes f l a t t e r  and f l a t t e r ,  so t h a t  one must be c a r e fu l  t h a t  the 
sample does n o t  become f lu s h  w ith  o r  go below the  top of th e  p h e n o l ic  
h o ld e r .  I f  th i s  s i t u a t i o n  o c c u rs ,  then th e  v o l ta g e  w ire  shou ld  be p laced  
on top o f  the  Pbln  sample and clamped s e c u r e ly .  One should  avo id  unnecessary 
f l a t t e n i n g  of the  sample o r  c u t t in g  of th e  sample by the  v o l ta g e  le a d  when 
c a r ry in g  ou t t h i s  te c h n iq u e .  As f a r  as we can de te rm ine , the  v o l ta g e  
ac ro ss  th e  sample i s  independent of the  mode o f  a t tachm ent o f  the  v o l ta g e  
le a d .
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Annealing P ro p e r t i e s
A f te r  the vo ltag e  le a d  problem i s  s o lv e d ,  one can p repare  to  take 
d a ta  on th e  sample. At f i r s t  i t  was n o t  c e r t a i n  how f a s t  Pbg^In^^ anneals  
a t  room te m p era tu re  o r  how the  s u r fa c e  and b u lk  f e a tu r e s  a f f e c t  th e  f lu x  
flow r e s i s t i v i t y .  S ince a l o t  i s  unknown about an n ea lin g  p r o p e r t i e s ,  
i t  was dec ided  to  s ta y  w ith  th e  two extreme c a se s—h ig h ly  s t r a i n e d  and 
p e r f e c t l y  annea led .  In  o rd e r  to  r e t a i n  th e  w ire  in  the s t r a i n e d  s t a t e ,  
i t  i s  s t o r e d  i n  l i q u i d  n i t r o g e n .
We a re  le a d  to  b e l ie v e  by t e s t s  conducted on samples a t  v a r io u s  
s ta g e s  o f  a n n ea l in g  t h a t  the  an n ea lin g  p ro cess  f o r  Pbg^pn^y i s  r a t h e r  
f a s t .  Thus i t  i s  im p era tiv e  t h a t  one p re p a re  a f r e s h  sample as q u ic k ly  
as p o s s i b l e .  I t  re q u ire s  one hour to  p re p a re  th e  sample fo r  d a ta  tak in g  
during  which tim e much annea ling  o ccu rs .
Surface  E f f e c ts
The e x t ru s io n  of th e  Pbln w ire  through th e  0.0508 cm d ie  r e s u l t s  
in  the  in t r o d u c t io n  o f  s u r fa c e  i r r e g u l a r i t i e s .  Due to  the  i n a b i l i t y  to 
m a in ta in  a c o n s ta n t  p re s su re  on the  d r iv in g  p i s t o n ,  the w ire  has a  te n ­
dency to  e x tru d e  a t  d i f f e r e n t  r a t e s ,  and as a  r e s u l t  the w ire  d iam ete r  
v a r ie s  abou t 0 .0013 cm. This i s  only a s l i g h t  e f f e c t  (2.5%) so the  w ire  
d iam ete r  i s  measured f o r  each sample a t  s e v e r a l  p la c e s  and an average diam­
e t e r  i s  quo ted .
E tch ing  th e  w ire  f o r  about one minute removes most o f  th e  s c ra tc h  
marks and ren d ers  the  s u r fa c e  sh in y .  The w ire  d iam eter  a f t e r  e tc h in g  
u s u a l ly  v a r i e s  between 0.0432 and 0 .0457 cm, depending on the amount of 
e t c h in g .
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Small den ts  and c r a t e r s  as w e ll  as sm all  bumps are  o f te n  on the  
s u r fa c e  o f  th e  w ire .  The e t c h in g  s o lu t i o n  shotms no p re fe re n c e  to  ce r­
t a in  p a r t s  o f  the  w ire  and tends to  s h r in k  the  d e fe c ts  and th e  w ire  a t  
the same r a t e .
I t  i s  p o in ted  ou t  in  the  theo ry  of f lu x  flow t h a t  the  f lu x  l i n e s  
e n te r in g  th e  sample make an ang le  w ith  the ax is  o f  th e  w ire  as given by
B .w iretan  0
^ a p p lie d
L ong itu d in a l  s c ra tc h e s  are  in t ro d u c e d  by th e  e x t ru s io n  p ro c e ss  along 
the s u r fa c e  o f  the  w ire .  They can be u t i l i z e d  to  p o s s ib ly  reduce the  
s u r fa c e  b a r r i e r  by a l low ing  th e  f l u x  l i n e s  to  e n t e r  the  w ire  a t  the
ang le  o f  the  s c r a tc h .  The w ire  i s  tw is te d  to  i n c l i n e  the  s c r a tc h e s  a t
an angle  corresponding  to  a  t y p i c a l  value  o f  9. A one degree i n c l i n a t i o n  
a long  the  s u r f a c e  of a w ire  o f  le n g th  3 .8  cm and d iam eter o f  0.0254 cm 
r e q u i re s  a 150° r o t a t i o n  o f  one end of the  w ire  r e l a t i v e  to  the  o th e r .
In  o rd e r  to o b ta in  the  one degree s c r a tc h  on the w i r e ,  one end of 
the sample was p laced  in  a s t a t i o n a r y  v i s e  and the o th e r  one in  a chuck 
v i s e  on which was mounted a p r o t r a c t o r .  A inch  sample was r o ta t e d
through 150° over  a p e r io d  o f  time to  p re v e n t  b reak in g  o f  th e  w ire .  A
r o t a t i o n  o f  20° was made every  5 minutes u n t i l  100° was reach ed .  The w ire 
was h e ld  a t  100° fo r  30 minutes to  allow  the  s t r a i n s  to  annea l  o u t .  By 
chis time th e  w ire  was q u i t e  s o f t  and i t  was easy to tu rn  through the  
l a s t  50°. The w ire  was then clamped a t  150° and allowed to  s i t  and anneal 
f o r  7 h o u r s ,
Under a 50X microscope the  s p l r a l i n g  s c r a tc h  i s  c l e a r l y  v i s i b l e .  
For a one inch  sample a s c r a tc h  comes in to  view on one edge o f  th e  w ire
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a t  one end and goes ou t  o f  view on the  o p p o s i te  edge on the o th e r  end. 
Tlie ang le  of s p i r a l ,  u n f o r tu n a te ly ,  cannot be measured with our micro­
scope. Data taken  on the  tw is te d  sample were in c o n c lu s iv e .  i t  appears 
th a t  the s t r a i n s  in t ro d u c e d  by tw is t in g  overshadow the e f f e c t s  of the 
s p i r a l i n g  s u r fa c e  s c r a tc h .
One may be concerned about th e  s u r fa c e  o f  th e  w ire  g iv ing  r i s e  
to  s u r fa c e  su p e rc o n d u c t iv i ty  which p e r s i s t s  up to  a f i e l d
Surface c u r re n ts  may be e l im in a te d  by co a t in g  the  sample w ith  a normal 
m eta l.  A s ta n d a rd  techn ique  o f  c o a t in g  i s  c o p p e rp la t in g .  The p l a t i n g  
ba th  co n ta in s  a compound o f  copper, such as CuSO^, t h a t  i s  to  be depos­
i t e d  on the sample. The sample i s  the  cathode and a s t r i p  of copper i s  
the anode. The time and th e  c u r re n t  r e q u ire d  to p l a t e  a s e l e c t e d  th ic k ­
ness o f  copper a re  found by us ing  th e  e le c t ro c h e m ic a l  e q u iv a le n t  o f  cop­
per (3037 coulombs/ gram).
In  o rd e r  to  o b ta in  meaningful d a ta ,  the  same sample should  be 
run b o th  u n p la ted  and p l a t e d  w ith  few o th e r  e f f e c t s  in t ro d u c e d .  There­
fo re ,  th e  sample shou ld  be p la te d  i n  the h o ld e r .  A sample h o ld e r  w ith  
a removable s e c t i o n  allow s the  sample to  be com plete ly  immersed in  the 
CuSO^ f o r  p l a t i n g .  I f  d e s i r e d ,  th e  anode and cathode can be in te rch an g ed  
and the  copper can be s t r i p p e d  from th e  s u r f a c e  o f  the w ire .
E xperim ental Procedure 
The p rocedure  f o r  ca r ry in g  out a complete experim ent i s  q u i t e  
invo lved  and o f te n  r e q u i r e s  the  a id  o f  an e x t r a  person .  Extreme ca re  i s
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taken when i n s e r t i n g  th e  c r y o s t a t  in t o  the Dewar to  p re v e n t  breakage of
the d e l i c a t e  v o l ta g e  le ads  and bumping o f  the  sample. I f  the Dewar i s
25cold , an added p re c a u t io n  p rev en ts  damage o f  the  H all p robe.
The r e s i s t a n c e  of the  copper coated  HbZr magnet se rv es  as a crude 
re s is ta n c e  thermometer du ring  coo ling  o f  the  sample. During th i s  p e r io d  
the v o ltag e  on th e  sample i s  fo llow ed  on a K eith ley  147 Nanovolt N ull 
D etec tor. Sometimes the  expansion  o f  the  h o ld e r  and clamps open c i r ­
cu i ts  the v o l ta g e  le a d s  and th e  v o l ta g e  on the K eith ley  147 exceeds the 
100 raV s c a le  in d i c a t i n g  e i t h e r  an i n f i n i t e  o r  very la rg e  r e s i s t a n c e .  The 
only s o lu t io n  to  the  open c i r c u i t  i s  to  remove the sa n ç le  from the cry­
o s ta t  and to  t ig h te n  a l l  connec tions  and make su re  the Pbln i s  n o t  dam­
aged in  any way. I t  may be n ec e ssa ry  to  f l a t t e n  and sandpaper the vo ltage  
clamps to  in s u re  a good c o n ta c t  w ith  th e  sample.
The s ta n d a rd  tech n iq u es  o f  he lium  t r a n s f e r  a re  employed w ith  a 
vent ho le  o f  1/4 inch  d iam ete r  a t  the  top o f  th e  c r y o s ta t  allow ing  helium 
vapors to  escape during  t r a n s f e r .  A mechanical pump reduces the  tempera­
tu re  by reducing  the  vapor p r e s s u re  over the  helium  b a th .  A system of 
p a r a l l e l  valves o f  1/4 in ch  and 1/8 in ch  diam eters  i s  used to r e g u la te  the 
pumping speed , and the  tem pera tu re  can be s t a b i l i z e d  to  w i th in  0 .1 °  K.
A mercury manometer reads  p r e s s u re  d i f f e re n c e s  over the  helium  ba th  and
30the corresponding  tem p era tu re  i s  then o b ta in ed  from t a b le s .
Before da ta  a re  ta k e n ,  c e r t a in  p re l im in a ry  ad justm ents  are  made.
25The r e s id u a l  v o l ta g e  of th e  H a l l  probe i s  n u l l e d .  V oltage measurements 
are  taken  i n d i r e c t l y  from th e  K e ith ley  147 by us ing  the  v o l ta g e  ou tpu t 
from the  K e ith ley  147 to  d r iv e  a K e ith ley  370 Recorder. Adjustments are  
made to  in s u re  complete s c a l e  agreement between the Gfo in s tru m e n ts .  A
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mechanical ad ju s tm en t on the  c h a r t  a llow s a ju s tm en t o f  the  base l i n e  and 
a v o l tag e  d iv i d e r  ac ro ss  the K e ith ley  147 o u tp u t  allow s s c a le  adjustm ent 
o f  th e  c h a r t  r e c o rd e r .  Two 10,000 y f  c a p a c i to r s  i n  p a r a l l e l  w ith  th e  
c h a r t  in p u t  s t a b i l i z e  n o is e  g enera ted  by the equipment. This does n o t  
a f f e c t  th e  accuracy  o f  the  da ta  b u t  i t  len g th en s  the  time cons tan t  of 
d a ta  ta k in g .  A f te r  approxim ately  15 seconds the  read ing  on the  c h a r t  i s  
about 95% of i t s  f i n a l  v a lu e .  A b lo ck  diagram of th e  equipment i s  shown 
in  F ig . 9.
The su p erco n d u c tin g  magnet used to  apply th e  e x te rn a l  lo n g i tu d in a l  
magnetic f i e l d  i s  n o t  com plete ly  r e v e r s i b l e  and co n ta in s  some h y s t e r e s i s .  
The c u r re n t  th rough  th e  magnet i s  m onitored  by a d i g i t a l  vo ltm e te r  and
25
a s ta n d a rd  r e s i s t o r  o f  0 .1  ohm. The f i e l d  i s  m onitored by a H all p robe.
The magnet i s  cycled  4 times up to  2500 gauss and back to  zero 
in  o rder  to  reduce h y s t e r e s i s .  On th e  f i f t h  cyc le  th e  f i e l d  i s  r a i s e d  to 
the  a p p ro p r ia te  v a lu e  by using  the H a ll  c o n s ta n t  given in  gauss/mV and by 
read ing  th e  v o l ta g e  ac ro ss  the H all  p robe on the  1 mV s c a le  o f  a K eith ley  
153 M icrovolt-Ammeter.
I f  th e  d e s i r e d  f i e l d  corresponds to  a v o l ta g e  g r e a te r  than 1 mV, 
a n u l l i n g  p ro c e s s  i s  used. The c u r r e n t  through th e  magnet i s  in c re a s e d  
so t h a t  th e  H a ll  probe gives f u l l  s c a l e  d e f l e c t i o n  on the 1 mV s c a le  o f  
the K e ith ley  153. A n u l l i n g  c i r c u i t  s u p p l ie s  a back v o ltag e  to n u l l  the 
H a ll  v o l ta g e  to  ze ro .  This inc rem en ting  and n u l l i n g  procedure i s  con­
t in u e d  u n t i l  the  p ro p e r  f i e l d  (co rresp o n d in g  to  the  amount o f  v o ltag e  
n u l l e d  ou t)  i s  o b ta in e d .  The v o l tm e te r  i s  s e t  on " c e n te r  zero" to  d e t e c t  
v o ltag e  changes o f  0 .05  mV o r  f i e l d  changes o f  approxim ately  2 gauss. A 
s l i g h t  ad ju s tm en t  o f  the  c u r r e n t  supp ly  to the  magnet b r in g s  the e x te r n a l
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f i e l d  back in to  a l ignm ent.  One shou ld  d ieck  fo r  f i e l d  v a r ia t io n s  caused 
by changes i n  th e  c o n t ro l  c u r re n t  to  th e  H a ll  probe. Adjustments of bo th  
c o n t ro l  c u r re n t  and magnet c u r re n t  may be n ecessa ry  throughout the  
experim ent.
I f  th e  o p e ra t in g  c u r r e n t  range i s  l a r g e r  than 10 amps, a shun t i s  
employed to  d iv e r t  l a rg e  c u r re n ts  from th e  normal sample. Tlie shun t in  
t h i s  experim ent c o n s i s t s  o f  copper w ire  and alumel w ire  in  s e r i e s  to 
achieve a r e s i s t a n c e  s l i g h t l y  s m a l le r  than the normal r e s i s t a n c e  o f  the  
sample o f  Pbln.
The sh u n t i s  c a l i b r a t e d  once i n  th e  c o n f ig u ra t io n  th a t  i s  run w ith 
th e  sample. The c r y o s t a t  i s  removed from the  Dewar and the  sample i s  cut 
causing the  c u r re n t  to  flow only through the  shun t and n o t  the sample.
This in s u re s  one t h a t  th e  r e s i s t a n c e  o f  l e a d s ,  e t c . ,  a re  taken in to  
account i n  th e  c a l i b r a t i o n .  C a l ib ra t io n  r e q u i r e s  a s ta n d a rd  r e s i s t o r  to 
determ ine the  c u r r e n t  through the  sh u n t  and a p o te n t io m e te r  o r  v o l tm e te r  
to  measure th e  v o l ta g e  ac ro s s  the sh u n t .  A l e a s t  squares  program gives 
the b e s t  va lue  o f  shun t r e s i s t a n c e  from the  c u r re n t -v o l ta g e  d a ta .  The 
shun t r e s i s t a n c e  i s  f a i r l y  independen t o f  sm all  tem pera tu re  v a r i a t io n s  
and o f  th e  e x a c t  c o n ta c t  c o n f ig u ra t io n .  Thus, i s  determined once and 
taken as a  c o n s ta n t  f o r  a l l  d a ta  i n t e r p r e t a t i o n .
The va lue  o f  c u r r e n t  through th e  sample i s  found by co n s id e r in g  
the  sample and shun t as p a r a l l e l  r e s i s t o r s .  The c u r r e n t  s p l i t s ,
1 = 1 + Iw s
where I i s  the  t o t a l  c u r r e n t .
I  i s  th e  c u r r e n t  i n  the  w ire  sam ple, and
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I  i s  the  c u r r e n t  in  th e  shun t.s
From Ohm's Law,
I .  -  I  -
- I
S
I R -  V
The c u r re n t  i n  the  w ire  i s  de term ined  by the c u r r e n t  from the  power supp ly ,  
the v o l tag e  ac ro ss  th e  p a r a l l e l  c i r c u i t ,  and the r e s i s t a n c e  o f  the  sh u n t.
Once the  e x t e r n a l  f i e l d  i s  s e t ,  measurements a re  begun on the 1 pV 
s c a le  o f  the  K e ith ley  147. The c u r r e n t  through the sample, which i s  sup­
p l i e d  by a H ew le tt-Packard  c u r re n t  re g u la te d  power su p p ly ,  i s  slowly 
in c re a s e d  u n t i l  th e  f i r s t  d e te c ta b le  read ing  i s  v i s i b l e  on the c h a r t
r e c o rd e r .  This v a lu e  o f  c u r r e n t  i s  n o ted  as I  , the  c r i t i c a l  c u r re n t .c
Tills i s  th e  c u r r e n t  n ece ssa ry  to  i n s t i g a t e  f lu x  motion. The c u r r e n t  i s  
then  r a i s e d  to  give a read in g  o f  approxim ately  0 .1  pV on the I pV s c a l e ,  
and the  c u r r e n t  i s  t h e r e a f t e r  m e th o d ica lly  in c re a s e d  to  give about 0 .1  s c a le  
change p e r  read in g ,  i . e . ,  about 0 .1  pV change on the  1 pV s c a l e .  Current 
va lues  are  n o ted  on th e  c h a r t  a t  each  v o l ta g e  read in g .  Near 80% o r  90% 
f u l l  s c a le  d e f l e c t i o n ,  th e  s c a l e  i s  r a i s e d  on the  K e ith ley  147 and con­
seq u en tly  on th e  K e ith le y  370 R ecorder. The c u r r e n t  i s  c o n t in u a l ly  
in c re a s e d  u n t i l  a l a r g e ,  sudden v o l ta g e  change i s  d e te c te d  by the K eith ley
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Nanovoltmeter. This value  o f  c u r re n t  i s  taken  as the normal c u r re n t .
The c u r r e n t  i s  im mediately reduced to zero to  p rev en t  damage to  the sample.
The I-V d a ta  come from the c h a r t  tape  on which the  c u r re n t  values 
were no ted  du ring  th e  experim ent. The co rresponding  v o l tag es  are  read 
o f f  the c h a r t  tape  to  an accuracy o f  0,155% by th e  use o f  a r u l e r  having
as i t s  s m a l le s t  d iv i s io n  1/32 inch .  The va lues  o f  I  are  found from Rw s
and corresponding  I-V d a ta  from th e  c h a r t .  The I^-V d a ta  a re  then ana­
lyzed accord ing  to  theo ry .
CHAPTER IV 
RESULTS AND DISCUSSIONS 
In tro d u c t io n
We have seen  in  Chapter I I  t h a t  the I-V r e l a t i o n s  o f  e i t h e r  Model 
I or Model I I  a re  the  same and the  r e s u l t s  a re  q u a l i t a t i v e l y  th e  same.
This allows us to  choose e i t h e r  o f  the  two methods fo r  an a n a ly s i s  w ith  
the  unders tand ing  th a t  the  r e l a t i o n s  between the q u a n t i t i e s  in  the  two 
models are
and pjj. = p j  . (4 .2 )
Model I i s  a r b i t r a r i l y  chosen fo r  q u a n t i t a t i v e  a n a ly s i s  and cor­
responding q u a n t i t i e s  i n  Model I I  a re  c a lc u la te d  us ing  eq. (4 .1 )  and 
eq. ( 4 .2 ) .  In  o rd e r  to  e l im in a te  the  ambiguity i n  0/n (o r  n ) , f lu x  
flow r e s i s t i v i t y  d a ta  a re  used from Kim, e t  a l . ^ and from F a r r e l l ,  e t  a l . ^  
E rro r  can r e s u l t  h e re  s in c e  d a ta  a re  n o t  p u b lish e d  in  the  form o f  flow 
r e s i s t i v i t y ,  b u t  are merely in d i c a te d  g ra p h ic a l ly  on V v s . I  p l o t s .
We e x t r a c t  flow r e s i s t i v i t y  by us ing  the s lo p es  o f  the  curves in  the upper 
l i n e a r  p o r t io n s  a long  w i th  the  samples' d im ensions. The s a n ç le  dimen­
s ions  fo r  Kim's sample a re  n o t  known ex a c t ly  so  th e re  may be a very s l i g h t  
e r r o r  in  th e  r e s i s t i v i t y  f o r  h i s  d a ta .
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Table 1 i l l u s t r â t e s  f lu x  flow r e s i s t i v i t i e s  fo r  Pbln s la b  in  a 
t r a n s v e r s e  magnetic f i e l d .  One no te s  t h a t  th e  c o n c e n tra t io n  p e rce n tag es  
a re  n o t  e x a c t ly  th e  same and the tem pera tu res  vary  s l i g h t l y .  Even s o ,  
one cannot h e lp  b u t  n o t i c e  t h a t  the r e s i s t i v i t i e s  c a lc u la te d  from 
F a r r e l l  and th o se  from Kim d isa g re e  by a f a c t o r  o f  th re e  o r  fo u r .  This 
p o s s ib ly  im p lie s  t h a t  flow r e s i s t i v i t y  depends a p p rec iab ly  on the  sample 
i t s e l f ,  and may e x p la in  the la ck  o f  t a b le s  o f  t h i s  q u a n t i ty .
I f  we a re  going to  e x t r a c t  Q/n ( o r  n) from our da ta  using  pub­
l i s h e d  d a t a ,  th e n  we must decide which to  u se .  S ince Kim's d a ta  a re  
so la rg e  (and t h i s  may be due to  the  u n c e r ta in ty  in  sample d im e n s io n s ) , 
we f in d  t h a t  r e s i s t i v i t y  c a lc u la t io n s  on our d a ta  w i l l  r e s u l t  i n  r e s i s ­
t i v i t i e s  t h r e e  times l a r g e r  than by F a r r e l l  and in  f i e l d  p e n e t r a t i o n  
ra tios  o n e - th i r d  o f  those  by F a r r e l l .  We w i l l  th e r e f o r e  choose F a r r e l l ’s 
d a ta  b ecause  o f  the  c e r t a in t y  i n  sample dimensions and because  o f  th e  
g r e a t e r  number o f  f i e l d s  from which to  c a l c u l a t e  r e s i s t i v i t i e s .
V arious s i z e d  w ires  o f  Pb__In ,_  a re  used to  s tudy  th e  e f f e c t  ofoJ 1 /
p inn ing  on v isco u s  flow . The e x t ru s io n  ap p ara tu s  produces a  w ire  o f  
0 .0508 cm d ia m e te r ,  b u t  lo n g i tu d in a l  s c r a tc h e s  a re  p r e s e n t .  In  o rd e r  
to  reduce s u r f a c e  i r r e g u l a r i t i e s ,  w ire s  a re  e tch ed  down to 0.0483 cm, 
0.0457 cm, 0 .0432 cm, and 0.0406 cm. I f  th e  s c r a tc h e s  and thus the  
energy b a r r i e r s  due to  the s u r fa c e  a re  reduced , then the  f i e l d  pene­
t r a t i o n  shou ld  v a ry .  Data fo r  the  sample to  be analyzed  are g iven  i n  
Table 2.
Another way o f  s tudy ing  p in n in g  e f f e c t s  i s  to  look a t  w ire s  i n  
v a r io u s  s ta g e s  o f  annea l .  Since we a re  a b le  to  c a l c u la te  p in n in g  fo rces
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TABLE 1
FLUX FLOW RESISTIVITY FOR LEAD-INDIUM SLAB 
GEOMETRY IN A TRANSVERSE MAGNETIC FIELD
Sample
C oncen tra tion
(Atomic
Sample
Dimensions
(cm)
Temp. 
(°K)
Bapp
P ercen tag es ) (Gauss) (pfi-cm)
F a r r e l l '
1.0 X 0.20 X 0 .02 1.8 1100 0.76
^^80^*20 1.0 X 0.20 X 0 .02 1.8 1750 0.96
^^80^^20 1.0 X 0.20 X 0 .02 1.8 2100 1.26
^^80^^20 1.0 X 0.20 X 0.02 1.8 2800 1.92
Kira^
^ ^83^"l7 1.5 X 0.25 X 0.011 2.0 500 0.92
^^83^*17 1.5 X 0.25 X 0.011 2.0 1000 3.30
^^83^*17 1.5 X 0.25 X 0.011 2.0 2000 3.66
D. E. F a r r e l l ,  I .  D inew itz , and B. S. C handrasekhar, Phys.
Rev. L e t t . ,  91 (1966).
^Y. B. Kim, C. F. Hempstead, and A, R. S tm a d ,  Phys. R ev . ,
139, A1163 (1965).
TABLE 2
PHYSICAL CHARACTERISTICS OF SAMPLES
Sample S u rfaceC o n d it io n
Bulk 
C o n d it io n
Wire D iam eter 
a (cm)
Wire C o n s tan t  
c (gauss/am p)
Wire C o n s tan t  k 
(gauss-cra2/amp)
C r o s s - S e c t io n a l  
Area (cm2)
Temp.
(OK)
46A Smooth Annealed 0.0432 9 .264 1.02 X lO"^ 1.464 X 10“ ^ 1.8
47A Smooth Annealed 0.0483 8.288 1.14 X 10“ ^ 1.829 X 10~^ 1 .8
48A Smooth Annealed 0.0457 8.749 1.08 X 10“ ^ 1.642 X 10"2 1 . 8
49A Rough S t r a in e d 0 .0508 7.874 1.20 X 10"^ 2 .027  X 10"^ 1 .8
-2 -2 f4 .251A Rough Annealed 0 .0508 7.874 1.20 X 10 2.02 7 X 10
| l . 8
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( to  w ith in  0 / n ) ,  then we can see i f  the  magnitude o f  the  p in n in g  fo rces  
are  c o n s i s t e n t  w ith  the  s ta g e s  o f  annea l.
Sample #49A
This sample o f  w ire  i s  f r e s h ly  ex truded  ('vone hour o ld )  w ith  
a d iam eter of 0 .0508 cm and i s  run a t  1.8°K in  p a r a l l e l  w ith  a shunt of 
0.01962 ohms. The s u r fa c e  o f  the  w ire  i s  untouched w ith  chemicals so 
th a t  th i s  sample h o p e fu l ly  dem onstrates the e f f e c t s  o f  la rg e  s u r fa c e  
p inn ing  as w e l l  as l a rg e  bulk  p inn ing .
F ig . 10 shows th e  I-V c h a r a c t e r i s t i c s  of sample #49A on a p lo t
of V/I v s . I ^ .  The l i n e a r  p o r t io n  in  the la rg e  c u r r e n t  regime in d ic a te s  
a cubic dependence o f  c u r re n t  as p re d ic te d  by eq. (2 .7 )  o r  by eq. (2 .2 3 ) ,  
The lower c u r r e n t  range i s  taken to be creep and creep -f low  m ix tu res  and 
w i l l  n o t  be e x p la in e d  q u a n t i t a t i v e l y .  The shun t allowed the sample to 
carry  la rg e  c u r r e n ts  to  d r ive  the  sample norm al, bu t the  la rg e  v o ltag es  
r e s t r i c t e d  d a ta  to  low c u r re n ts .
A l l  the  curves in  the l i n e a r  reg ion  a re  p a r a l l e l .  Since the
slope  i s  a measure o f  th e  f i e l d  p e n e t r a t io n  r a t i o ,  as shown in  eq . (2 .8)
and eq. ( 2 .2 4 ) ,  then we do n o t  expec t the  f i e l d  r a t i o  to  vary much from
curve to  curve. This occurs s ince  da ta  fo r  th i s  sample o f  Pbg„In ._
(T^ = 7.0°K) a re  taken  a t  1.8°K where th e re  i s  a very la rg e  mixed s t a t e
w ith  = 260 gauss and = 5000 gauss .^  C le a r ly  now b o th  3 and
B. a re  fu n c t io n s  o f  B . W e  a re  sampling only a sm all  segment o f  i n t  app
the mixed s t a t e  (~10%) so th a t  we expec t  the  f i e l d  r a t i o  3 to  be approx­
im ate ly  c o n s ta n t  f o r  a given sample. On the phase diagram shown in
Fig . 11 we a re  p o s s ib ly  in  the shaded a re a  in d i c a te d .  I t  has been
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F igure  11. Phase Diagram fo r  Lead-Indium
20sugges ted  by London and Walmsley th a t  some a rea s  of the  phase diagram 
may no t su p p o r t  f lu x  flow . We have chosen a reg io n  in  which f lu x  flow 
i s  d e f i n i t e l y  o c c u r r in g .
One can s e t  an upper and a low er boundary on 3 by r e a l i z i n g  t h a t  
below th e re  cannot be any f i e l d  in s id e  the  w ire  i f  i t  i s  p e r f e c t l y  
d iam agnetic . Above (and n e g l e c t in g  s u r f a c e  s u p e rc o n d u c t iv i ty )  the
w ire  should  be normal w i th  the  f i e l d  in s id e  the  same as th e  ap p lied  
f i e l d .  Thus
0 £  6 1  1
We a re  n o t  c e r t a i n  o f  the  e x a c t  meaning o f 3 s in c e  i t  i s  an av e r­
age f i e l d  p e n e t r a t i o n .  We do ex p ec t  t h a t  the  f i e l d  v a r ie s  con tinuously
Ir s u r fa c e
(U n su i tab le )
68
r  -» 
(S u i ta b le )
su rface
F igure  12. Magnetic In d u c t io n  In s id e  a Superconductor
from j u s t  o u ts id e  to  j u s t  in s id e  th e  s u r f a c e  o f  th e  w ire .  F ig . 12 shows
s u i t a b l e  as w e l l  as u n s u i ta b le  c o n f ig u ra t io n s  f o r  the magnetic in d u c t io n
B across  th e  s u r fa c e  and in s id e  the  sample. There cannot be an ab rup t
change (o r  p h y s ic a l  d i s c o n t in u i ty )  i n  th e  magnetic in d u c tio n .
18S ik o ra ,  £ t  a l . have dem onstra ted  the  s u i t a b l e  f i e l d  v a r i a t i o n  
by measuring th e  i n t e r n a l  f i e l d  w ith  a bism uth probe. Our range o f  v a l ­
ues f o r  3 (3 = 0 .1  -  0 .6 )  i s  j u s t i f i e d  by co n s id e r in g  the fou r  samples
measured by S ik o ra ,  e_t a l . and by ob se rv in g  t h a t  the f i e l d  p e n e t r a t i o n  
i s  n o t  e x a c t ly  th e  same f o r  each sam ple. F ig .  1 o f  S ik o ra ,  e t  a l . 
i l l u s t r a t e s  f i e l d  r a t i o s  o f  about t h i s  magnitude when averaged over the 
sample.
31S ikora  has sugges ted  a way f o r  checking on the magnitude o f  S.
The method in v o lv es  using  m a g n e t iz a t io n  curves s im i la r  to the  one in
F ig . 2b to  f in d  B. and then to  form approxim ate r a t i o s  o f  B.  ^ to  B ^ i n t  i n t  app
We can g e t  a  g e n e ra l  id e a  o f  how to  make th e  c a l c u la t io n  by q u a l i t a t i v e
32a n a ly s i s  from Campbell, E v e t t s ,  and Dew-Hughes. They make the  assump­
t io n  t h a t  th e re  i s  a sim ple in v e rs e  p r o p o r t i o n a l i t y  between p in n in g  fo rc e
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and T his  a llow s Campbell, e t  a l .  to  e x p la in  m agne tiza tion  curves
fo r  various  p in n in g  c o n d i t io n s .  They a r r i v e  a t  fou r  ty p i c a l  magnetiza­
t io n  curves as shown in  F ig . 13. I l l u s t r a t i o n s  o f  e f f e c t s  o f  we ale p in ­
n ing  fo rces  and o f  s t r o n g  p inn ing  fo rces  a re  shovm re s p e c t iv e ly  in  F ig .  13a 
and in  F ig .  13b. F ig .  13c shows what i s  thought to  occur i f  the p inn ing  
c en te rs  a re  very  c lo s e ly  packed, w hile  F ig .  13d shows th e  e f f e c t  of 
mixing s t r o n g ,  w ide ly  spaced p inn ing  c e n te rs  and weak, c lo se ly  spaced 
c e n te r s .  I t  appears  alm ost hope less  to  f in d  s u f f i c i e n t  da ta  to  give an 
a c c u ra te  check on our values  of 3.
One can p la c e  an upper experim en ta l l i m i t  on the value  of 3 by
co n s id e r in g  bo th  r e v e r s ib l e  and i r r e v e r s i b l e  m ag n e tiz a tio n  curves as shown 
2
in  F ig .  14. For an " id e a l "  type I I  su p erco n d u c to r ,  f lu x  i s  h e ld  out
u n t i l  ( s e e  C hap ter I ) , a t  which time f lu x  b eg in s  p e n e t r a t i n g .  IVhen
the e x t e r n a l l y  a p p l ie d  f i e l d  reaches  H B.  ^ = B . However, f o rc2 i n t  app
" r e a l "  type I I  su p e rco n d u c to rs ,  d e fe c ts  a f f e c t  the  p e n e t r a t i o n  of f l u x ,
as shown in  F ig .  14b, so t h a t  i t  i s  d i f f i c u l t  f o r  f lu x  to  e n t e r  the sample
a t  H , .  A re d u c t io n  i n  f i e l d  from above H „ to  zero  may r e s u l t  inc l  c2
trapped  f lu x .
33Dubeck, A ston , and Rothwarf in d i c a t e  a n e a r ly  r e v e r s ib l e  mag­
n e t i z a t io n  curve f o r  Pbg^ S^’^ lS 5 2.0°K in  F ig .  1. We can use t h i s
31da ta  to  c a r ry  o u t  S ik o r a 's  su g g es tio n  and c a l c u l a t e  3 • For the°°  max
sample o f  Dubeck, £ t  süL. th e  q u a n t i t i e s  T^ a re  very n e a r ly
the  same as f o r  our sam p les , so t h a t  3 w i l l  be  approxim ate ly  th e  same.max
One f inds  t h a t  f o r  the  sample of Dubeck, e t  a l .  a t  1000 gauss ,  6 = 0.9—  —  max
and a t  1500 g au ss ,  g = 0 .9 4 .  These va lues  o f  3 a re  much l a r g e r  than“ max max
our l a r g e s t  v a lu e  (3=0.6) and re p re s e n t  a maximum value  o f  3 fo r  an 
" id e a l "  type I I  superconduc ting  Pbln sample.
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Figure  13. M agnetiza tion  Curves f o r  Various Types of P inn ing
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I f  we make a c a l c u la t io n  o f  3 us ing  eq . ( 2 .7 ) ,  we reach  a 
dilemma. Due to  the in d e te rm in ab le  c o n s ta n t  q/f! , 3 can only be 
de term ined  to  w i th in  a c o n s ta n t .  We can s u b s t i t u t e
= c o n s ta n t  x
in t o  eq . (2 .13 ) and a r r iv e  a t
p_ = c o n s ta n t  x B ^ x i— f app In
By s e l e c t i n g  r e s i s t i v i t y  v a lu es  a long  w ith  t h e i r  a p p ro p r ia te  f i e l d  va lues  
from Table 1, one can f in d  fi/n and then can s u b s t i t u t e  back i n t o  the fo r ­
mula f o r  3 to  o b ta in  a value  f o r  3 and thus  a va lue  fo r  p^. Table 3 
i l l u s t r a t e s  c a l c u la t io n s  perform ed i n  t h i s  way.
Another method o f  a n a ly s i s  i s  to  p l o t  th e  d a ta  i n  an o th e r  manner. 
One must o b ta in  two more d i s t i n c t l y  d i f f e r e n t  eq u a t io n s  i n  o rd e r  to  have 
fo u r  e q u a t io n s  w ith  fo u r  unknowns— 0, n ,  3 , and . We a re  le d  to  iden­
t i t i e s  by o th e r  methods o f  p l o t t i n g ,  so i t  appears  t h a t  the  b e s t  way o f  
f u r t h e r  a n a ly s i s  i s  to  use Table 1.
I f  one c a l c u la te s  3 f o r  each f i e l d  u s in g  Table 1, he f in d s  th a t  
3 i s  the  same ( s in c e  the  s lo p e s  a re  th e  same) and o f  course  th e  c o n s ta n t  
f2/n i s  th e  same. We would hope t h a t  even i f  the  r a t i o  3 n o t  c o n s ta n t ,  
the  q u a n t i ty  Q/r\ c o n s ta n t .  This w i l l  be i l l u s t r a t e d  i n  l a t e r  samples 
and d is c u s s e d  f u r th e r  then . The v a lu e  o f  3 = 0.41 in d i c a t e s  t h a t  the 
f i e l d  i n s i d e  i s  on th e  average about o n e -h a l f  th e  a p p l ie d  f i e l d .  This 
may seem l a r g e  s in c e  our f i e l d  range i s  o n e - te n th  o f  th e  mixed s t a t e ,  
b u t  one must co n s id e r  the p h y s ic a l  c o n d i t io n  of the  w ire .  S ince t h i s
TABLE 3
DATA FOR SAMPLE #49A FROM FIG. 10
F ie l d
(Gauss)
Slope
3
(pV /amps )
I n t e r c e p t
(yV/amp) (amps )
I,b re a k  
(amps2)
PL @
(n t/m  )
3
(n t /m  )
Fex cess
(nt/m ^)
1200 3 .1  X lo "^ -1 .4 4 580 600 9 .55  X 105 7.0 X 105 2.55  X 10^
1400 3 .4  X 10“ ^ -0 .8 5 360 420 6 .67  X 105 4 .4  X 105 2 .27  X 105
1500 3.6  X 10“ ^ - 0 .6 5 280 350 5.66  X 10^ 3 .4  X 10^ 2 ,16  X 105
1600 3.55 X 10"3 - 0 .3 3 220 1 300 (?) 4 .76  X 10^ 2 .7  X 10^ 2.06 X 10^
w
RESISTIVITY FOR SAMPLE #49A
F i e l d
(Gauss)
(0 /n )
7
(m / n t - s e c )
n
2
(n t - s e c /m  ) ^I ^11
Pi
(yO-cm)
Pi i
(y fi-cm)
1200 -1012.25 X 10 1.05 X lo"^ 0 .4 1 0 .55 0 .4 3 0 .4 3
1400 -1012.25 X 10 0 .82  X 10~^ 0 .41 0 .55 0.65 0 .64
1500 -1012.25 X 10 0 .7 3  X 10~^ 0 .41 0 .55 0.79 0 .7 8
1600 12.25 X lo ' lO 0.69 X 10“ ^ 0 .4 1 0 .55 0 .8 8 0 .8 7
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sample has a very  rough s u r f a c e ,  i t  i s  p o s s ib le  th a t  la rg e  c u r r e n ts  
cannot be supported  so t h a t  M eissner c u r r e n ts  w i l l  be s m a l le r  than 
expec ted .  Thus one can imply th a t  the M eissner cu r re n ts  cannot s h ie l d  
o u t  very much f lu x .
We may expec t an enhancement o f  f i e l d  due to  a s p i r a l i n g  f i e l d  
c u t t in g  a rough s u r f a c e .  M e l v i l l e f o u n d  th i s  to be t r u e .  The f i e l d  
may then be g r e a t e r  a t  th e  rough "peak" due to  the reduced cu rv a tu re  
o f  the  w ire  and could allow f lu x  p e n e t r a t i o n  as i l l u s t r a t e d  sch e m a tic a l ly  
in  F ig .  15. The reduced energy b a r r i e r  cou ld  allow f lu x  to e n t e r  e a s i e r
F igure 15. F ie ld  Enhancement a t  a Rough Surface
" in  s p o ts "  than fo r  a smooth su r fa c e  where th e re  would be no p r e f e r e n t i a l  
e n t ry  o f  f lu x .
We can c a l c u l a t e  th e  p inn ing  fo rc e  p e r  u n i t  volume from eq. (2 .9 ) .  
N otice  t h a t  the p in n in g  fo rce  and the f i e l d  p e n e t r a t io n  r a t i o  a re  func­
t i o n a l l y  dependent on B in  in v e rs e  fa s h io n .  Now
app
B m 
G = Bapp
and Fp œ b
F oc ^
P Bapp
This occurs  s in c e  th e  i n t e r c e p t  i s  d ec re as in g  as we go to l a r g e r  and
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l a rg e r  f i e l d s .  In  o th e r  words, lower f i e l d s  have l a r g e r  p inn ing  cu rren ts  
and l a r g e r  p inn ing  fo rc e s .  Because o f  the  e q u a l ,  p a r a l l e l  spac ing  o f  the  
curves i n  sample #49A, each p inn ing  fo rc e  could be a m u l t ip le  of a fo rce  
fo r  a low er curve.
I f  one does a c a l c u la t io n ,  he f in d s  Fp decreases  w ith  in c re a s in g  
f i e l d  as i l l u s t r a t e d  in  Table 3. The s ig n i f i c a n c e  o f  th i s  r e s u l t  i s  
ex p la in ed  by eq. ( 2 .4 ) ,
F -  F = F = Il v^ .L P excess  f
The excess  fo rce  i s  the f a c t o r  which i s  producing a f lu x  flow v e lo c i ty
v^. For low f i e l d s  w ith  l a rg e  p inn ing  fo rc e s  we must have la rg e  Lorentz
fo rces  to  produce As we go to h ig h e r  f i e l d s  the  p inn ing  fo rce
d ec re ase s ;  t h e r e f o r e ,  the  Loren tz  fo rc e  can be sm a l le r  and s t i l l  give the
same excess  fo rc e .
F ig .  10 i l l u s t r a t e s  the  excess fo rce  concept q u i t e  d ra m a tic a l ly .
N otice t h a t  th e re  are  d e f i n i t e  p o in ts  f o r  which l i n e a r i t y  s e t s  in  and
are  i n d i c a t e d  as L ,2  Table 3. I f  one takes  th i s  as an in d ic a t io n  b reak
of the  p o in t  a t  which the  Lorentz fo rce  has completely dominated the p in ­
ning  f o r c e ,  then he can get an e s t im a te  o f  the  excess fo rc e  d r iv in g  the 
f lu x  l i n e s .  One can make a c a l c u la t io n  o f  a t  and compare w ith  Fp. 
We use eq . (2 .5 )  and s u b s t i t u t e  f o r  I ^ .  The ta b u la te d  values of
F f o r  th e  fo u r  curves o b ta in ed  in d i c a t e  t h a t  th i s  i s  what the breakexcess
means p h y s i c a l ly .  I t  appears  t h a t  whenever the excess fo rc e  i s
"v2 X 10^ nt/m ^ the  f lu x  flow p rocess  i s  w e l l  def ined .  Below I^^ the
f lu x  motion i s  taken to  be m ixtures o f  the rm a l-  and cu rren t-dom ina ted
p ro c e sse s .
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Sample #48A
Sample #48A i s  a w ell  annea led  w ire  which was run in  p a r a l l e l  
w ith  a  shun t o f  0.01962 ohms a t  1.8°K. The s u r fa c e  o f  th e  w ire  was 
e tch ed  w ith  a s o lu t i o n  of hydrogen pero x id e  and a c e t i c  a c id  twice f o r  
one minute each u n t i l  the  w ire  d iam ete r  was 0.0457 cm. E tch ing  gives 
a p o l i s h e d  s u r f a c e  t h a t  i s  shiny to  th e  unaided eye b u t  appears s l i g h t l y  
i r r e g u l a r  when viewed under a 50X m icroscope. I t  i s  hoped t h a t  e tch in g  
reduces  the  s u r f a c e  roughness and thus reduces the su r fa c e  b a r r i e r  caused 
by i r r e g u l a r  p inn ing  s i t e s  along the  s u r f a c e .  The smooth su r fa c e  now 
may be ab le  to  support a l a r g e r  s u r f a c e  c u r re n t  than  sample //49A so th a t  
more s h ie ld in g  o f  the  f lu x  l i n e s  can take  p la c e .  I h i s  sample shou ld  be 
the  extreme o p p o s i te  o f  #49A, s in c e  th e  sanp le  shou ld  support l a rg e  s u r ­
face  c u r re n ts  and shou ld  have very sm all  p inn ing  f o r c e s .
A p l o t  o f  V /I v s . in  F ig .  16 i l l u s t r a t e s  th e  c u r r e n t -v o l ta g e  
c h a r a c t e r i s t i c s  f o r  sample #48A; th e  d a ta  a re  summarized in  Table 4.
Because o f  th e  shun t used, the  e n t i r e  curve was o b ta in e d  f o r  each f i e l d  
w ith o u t r i s k  o f  bu rn ing  out the  sam ple. One can see  a d e f i n i t e  t r e n d  
in  the  s lo p e s  o f  the  v ar ious  cu rv es .  As a r e s u l t ,  the  f i e l d  p e n e t r a t io n  
r a t i o  sh o u ld ,  and does, vary n o t i c e a b ly  w ith  f i e l d .  The f i e l d  r a t i o  
v a r ie s  d i r e c t l y  w ith  f i e l d  and changes by a f a c t o r  o f  two over the range 
o f  f i e l d  o f  1000 gauss to  1700 gauss .  This i s  much more v a r i a t i o n  than 
i l l u s t r a t e d  by sample #49A and i s  e v id e n t ly  due to  th e  d i f f e re n c e  i n  the 
p h y s ic a l  c o n d i t io n  o f  the  two w i r e s .  I t  appears t h a t  th e  smooth su r fa c e  
has allowed s u r f a c e  cu r re n ts  to  s h i e l d  out the f lu x  more than in  sample #49A.
One f e a tu r e  o f  t h i s  sample i s  the  la c k  of b reak s  i n d i c a t i n g  the 
t r a n s i t i o n  to  pure  v iscous  flow. I f  one assumes t h a t  I^^ - Ip ^ ,  i . e . .
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F ig u re  16. Sample #48A
TABLE 4
DATA FOR SAMPLE #48A FROM FIG. 16
F ie l d
(Gauss)
Slope
3
(pV/amps )
I n t e r c e p t
(pV/amp) (amps )
I  , ^ b re a k
(amps2)
’’l s V
(nt/mrO
3
(n t /m  )
Fex ce ss
(n t/m 3)
1000 1.38  X 10"4 -0 .0 5 5 0 400 400 1.42 X 10^ 1.42 X 10^ -0
1200 2 .29  X 10"4 -0 .0 2 9 8 130 130 0 .60  X 10^ 0 .60 X 10^ "0
1400 3.49 X 10"4 -0 .0 2 7 9 80 80 0 .4 5  X 10^ 0 .45 X 10^ ~0
1500 4.54  X 10"4 -0 .0 2 9 5 65 65 0 .42  X 10^ 0 .4 2 X 10^ ~0
1600 5 .84  X 10"^ -0 .0 3 5 0 60 60 0 .4 4  X 105 0 .44 X 10^ "0
1700 6 .56  X 10"4 -0 .0 3 2 8 50 50 0 .39  X 10^ 0 .39 X loS ~0
00
RESISTIVITY FOR SAMPLE #48A
F ie l d
(Gauss)
0 /n
(m ^ /n t -s e c )
n
2
(n t - s e c /m  ) Si S l I (pn-cm)
^11
(pQ-cm)
1000 -1010.9 X 10 7.00 X 10~^ 0 .067 0.089 0 .3 3 0 .3 3
1200 -1010.9 X 10 4 .55  X 10“ ^ 0 .086 0.115 0 .4 8 0 .4 8
1400 10.9 X 10"^° 3 .13  X 10"7 0. 106 0. 141 0 .65 0.56
1500 -1010.9 X 10 2 .5 7  X lO"^ 0 . 121 0 . 161 0 .75 0. 75
1600 -1010.9 X 10 2 .14  X 10"7 0 .138 0 . 184 0 .84 0 .84
1700 -1010.9 X 10 1.90 X 10“ ^ 0. 146 0. 195 0 .95 0 .95
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the creep reg ion  i s  v an ish in g ly  s m a l l ,  then  he f in d s  t h a t  the  excess 
fo rc e  i s  z e ro . This i s  n o t  s u r p r i s in g  i f  one co n s id e rs  Model I ,  eq. (2 .5) 
and s u b s t i t u t e s  I  = Ip to  f in d  t h a t
F l  =  G % Ip "
Using eq. (2 .8 )  and the  d e f in i t i o n  o f  one f in d s  th a t  the above equa­
t io n  i s  the same as th e  p inn ing  fo rce  from eq. ( 2 .9 ) .  This i s  c o n s is te n t  
and says t h a t  fo r  I< Ip  the  f lu x  l i n e s  a re  pinned very s t r o n g ly ,  and f o r  
I= Ip  the f lu x  l i n e s  a re  i n  a m e ta s tab le  s t a t e ,  and f o r  I>Ip the L orentz  
fo rc e  i s  "com ple te ly  beg in n in g  to  dominate" the p in n in g  fo rc e .
The s lo p es  vary  by a f a c t o r  o f  f iv e  and the  r a t i o  o f  the  d i s s i ­
p a t io n  volume to  th e  v i s c o s i t y  c o e f f i c i e n t  i s  a c o n s ta n t . I f  the  v i s -
2
c o s i ty  c o e f f i c i e n t  i s  a co n s tan t  f o r  the  m a te r i a l ,  then  the  volume in  
which d i s s i p a t i o n  i s  o c c u r r in g  i s  a l so  a c o n s ta n t .
Sample #47A
This sam ple, as  w e ll  as #48A, i s  w e ll  annea led  and i s  run a t
I .8°K . The d ia m e te r  was reduced by chemical e tc h in g  to 0.0483cm. Unlike 
th e  f i r s t  two sam ples ,  t h i s  w ire  i s  run w ith o u t a sh u n t .  This r e s u l t e d  
in  low c u r re n ts  w ith  an u n c e r ta in ty  i n  th e  amount of d a ta  la c k in g  on the 
complete curve f o r  each  f i e l d .
Data f o r  sample #47A a re  i l l u s t r a t e d  in  F ig .  17 and r e s u l t s  ta b ­
u la t e d  in  Tab le  5. As in  sample #48A which was chem ically  e tc h e d ,  the 
f i e l d  p e n e t r a t i o n  r a t i o s  a re  ex trem ely  sm all  and th e re  i s  l i t t l e  v a r i a t io n  
in  g.
1700 S. 1500 G
1300 G0 .07 -- 2500 6
1600 6'
0.06
0.05 - -
0.04 X
0 .0 2 - -
0 .01- -
SAMPLE 47A
9008 00700600400 600200too
g
F i g u r e  17 . S a m p le  -'-47A
TABLE 5
DATA FOR SAMPLE #47A FROM FIG. 17
F ie l d
(Gauss)
Slope
3
(yV/amps )
I n t e r c e p t
(yV/amp)
I p '
(amps^)
“b reak
(amps-)
\
(n t/m ^) (n t/m  )
Fexcess
(nt/m ^)
1300 1.56 X 10"4 -0 .0 6 0 3 385 500 1 .83  X 10^ 1.42 X 10^ 0 .4 1  X 10^
1500 1.48  X 10"4 -0 .0 3 2 6 220 400 1 .43  X 105 0 .79  X 105 0 .64  X 105
1600 1.46 X 10"4 -0 .0 2 4 1 165 360 1.27 X 10^ 0.59  X 10^ 0 .6 8  X 10^
1700 1.31 X 10"4 -0 .0 1 2 4 95 325 1.09 X 10^ 0 .32  X 10^ 0 .7 7  X 10^
2500 0 .99  X 10“ ^ +0.0276 — “ — ----- ------- -----— -------
00
RESISTIVITY FOR SAMPLE #47A
F ie l d
(Gauss)
n /n
7
(m / n t - s e c )
n
2
(n t - s e c /m  ) %I ^11 (y.Q-cm)
*11
(yQ-cm)
1300 -1011.55 X 10 4.64 X 10~^ 0 .081 0. 108 0 .5 3 0 .54
1500 -1011.55 X 10 4. 14 X 10"7 0.079 0. 105 0. 71 0. 71
1600 -1011.55 X 10 3.90 X lO"^ 0 .078 0. 104 0. 82 0 .82
1700 -1011.55 X 10 3.89 X 10“ ^ 0.074 0.099 0 .92 0 .9 1
2500 -1011.55 X 10 0 .0 3  X lo” ^ 0.065 0 .087 ------- —---—
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A curve was o b ta in ed  midway between and — 2500 gauss.
One can get a va lue  fo r  the  f i e l d  p e n e t r a t io n  r a t i o  bu t  cannot c a l c u la te
a p in n in g  fo rc e .  E x t ra p o la t io n  y ie ld s  a n e g a t iv e  o r  an im aginary 
p in n in g  c u r r e n t .  This i s  in c o n s i s t e n t  w ith  what we know p h y s ic a l ly .
The 2500 gauss curve i s  concave downward and the  curves f o r  1300 gauss 
to  1700 gauss a re  a l l  concave upward. I t  appears t h a t  the low f i e l d  
curves are  more c l e a r l y  pronounced in  c u rv a tu re  and decrease  i n  curva­
tu r e  w ith  an in c re a s in g  f i e l d  u n t i l  the concavity  changes to  downward.
The p o s i t i v e  cu rv a tu re  i s  shown a lso  in  sample #49A and the  l i n e a r  curve 
w ith  no cu rva tu re  i s  shown in  #48A.
The low value  o f  3 t h a t  one o b ta in s  from a s t r a ig h t f o r w a r d  c a l ­
c u l a t io n  f o r  2500 gauss in d i c a t e s  t h a t  the s lo p e  i s  not l a rg e  enough.
The curve shou ld  "S" and have a p o s i t i v e  cu rv a tu re  going in t o  an o th e r
31s t r a i g h t  l i n e .  S ik o ra  i n d i c a t e s  t h i s  as the  t r e n d  of an e x p o n e n t ia l
( in  c u r re n t )  when p l o t t e d  on a V /I v s . I^ p l o t .  I t  i s  then  e n t i r e l y
p o s s ib le  t h a t  a t  l a rg e  f i e l d s  th e  motion o f  f lu x  i s  a lm ost e n t i r e l y  creep
20and creep-flow  m ix tu re s .  London and Walmsley f in d  th a t  above a c e r t a in  
f i e l d  f lu x  flow i s  n o n e x i s t e n t .  The c u r re n ts  nece ssa ry  to  produce f lu x  
flow a t  l a rg e  f i e l d s  such as 2500 gauss may be la rg e  enough to d r iv e  the 
sample com plete ly  normal so t h a t  f lu x  flow w i l l  n o t  be seen . We a re  l im ­
i t e d  in  our c u r r e n t ,  bo th  by th e  power supply and by th e  la c k  o f  a sh u n t .
An a n a ly s i s  o f  the  low c u rre n t  p o r t io n  o f  th e  2500 gauss curve 
i s  la c k in g  in  g r e a t  d e t a i l .  A rough p lo t  on semilog p aper  tends to  i n d i ­
c a te  some ex p o n e n t ia l  b e h a v io r  in  the lower p o r t io n  o f  th e  da ta  and sug­
g e s ts  th e  p o s s i b i l i t y  of f lu x  c reep .  I t  i s  c l e a r  from the  V/I I^
p l o t  t h a t  any c a l c u l a t i o n  o f  g o r  i s  m ean ing less .
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One f in d s  b reaks  o c c u r r in g  in  the o th e r  curves s im i l a r  to sample
#49A. The excess  fo rce  i s  no t as c o n s ta n t  fo r  t h i s  sample as fo r  #49A,
however. S ince  3 appears  in  the  c a l c u l a t i o n  of , an in c o r r e c t  value
of 3 w i l l  g ive an in c o r r e c t  Lorentz  fo rce .  F u r th e r  a n a ly s i s  o f  t h i s
sample r e v e a ls  t h a t  th e  s lo p es  a re  vary ing  in  the  wrong manner ex p ec ted ,
i . e . ,  the  s lo p e s  a re  going down w ith  in c r e a s in g  f i e l d .  Fven though the
s lo p es  vary in v e r s e ly  to  what i s  ex p ec ted ,  the f i e l d  r a t i o  3 i s  f a i r l y
c o n s ta n t .  A l a r g e r  f i e l d  r a t i o  f o r  1700 gauss and a lower one fo r  1300
gauss would tend  to in c re a s e  F a t  1300 gauss and to d ec rease  Fexcess  excess
a t  1700 gauss i n  o rd e r  to smooth out th e  v a r i a t i o n s  in  F f o r  a l l^ excess
f i e l d s .
Sample //46A
This i s  one o f  the f i r s t  samples on which r e l i a b l e  d a ta  were 
o b ta in ed .  The sample was w e ll  annealed  and the  s u r fa c e  was very h ig h ly  
p o l i sh e d  u n t i l  th e  w ire  d iam eter w as0.0432 cm. U n fo r tu n a te ly ,  a t  the  
time d a ta  were taken  no shunt was in c o rp o ra te d  so th a t  we were r e s t r i c t e d  
to  sm all  c u r r e n ts  ( I  ^  15 amps).
The d a ta  as shown in  F ig . 18 and i l l u s t r a t e d  in  Table 6 i s  ambig­
uous a t  f i r s t  g la n ce .  One n o t i c e s  t h a t  th e  1500 ga’ess curve i s  r e p o r te d  
tw ic e ,  w ith  d i s t i n c t i v e l y  d i f f e r e n t  c h a r a c t e r i s t i c s .  This sample i s  the  
only sample i n  which th e  f i e l d  was v a r ie d  i n  two d i r e c t i o n s ,  i . e . ,  the  
f i e l d  was d ec re ase d  from 1500 gauss by the  n u l l i n g  procedure  o f  Chapter I I I  
to  1000 gauss and then  in c re a s e d  back to  1500 gauss. The f i e l d  procedure  
now i s  to  b eg in  a t  1000 gauss and in c re a s e  to  h ig h e r  values o f  f i e l d .  By 
th i s  method no two curves are reproduced . I t  i s  n o t  e x a c t ly  c e r t a in
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Figure 18. Sample #46A
TABLE 6
DATA FOR SAMPLE #46A FROM FIG. IS
F i e l d Slope I n t e r c e p t 4 % I, , 2 b reak
Fexcess
(Gauss) (yV/amps^) (yV/amp) (amps ) (amps2) (nt/m 3)
3
(n t/m  ) (n t/m ^)
1000 1.67 X lo "^ -0 .3 7 5 225 225 3 .13  X 10^ 3.06 X 105 ~0
1300 2 .6 7  X 10“ ^ -0 .1 6 9 63 63 1.07 X 10^ 1.09 X 10^ "O
RESISTIVITY FOR SAMPLE //46A
F i e l d
(Gauss)
n/n
(m ^ /n t -s e c )
n
2
( n t - s e c /m  ) ( I^ %II ( yH- cm)
P l I
(yfi-cm)
1000 - 1 09 . 0  X 10 2 . 3 7  X lo"^ 0 .22 0 .29 0 .29 0 .3 0
1300 - 1 09 . 0  X 10 1.42  X 10"^ 0 .2 7 0 .3 6 0 . 5 3 0 . 5 3
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w hether the  d i f f e r e n c e s  in  the two 1500 gauss curves a re  due to  an in a c ­
curacy in  s e t t i n g  the  f i e l d  o r  w hether the e r r o r  i s  p h y s ic a l  and re p re ­
s e n ts  h y s t e r e s i s .
We tend  to  a t t r i b u t e  the  f i e l d  e r r o r  to  inaccuracy  in  a b s o lu te  
f i e l d  and n o t  to  h y s t e r e s i s .  The reason  fo r  th i s  i s  j u s t i f i e d  by o b se r ­
v a t io n  o f  the  r e p r o d u c i b i l i t y  o f  d a ta  a t  one f i e l d  and tem p era tu re .  For 
any given f i e l d ,  d a ta  have been reproduced  as many as fou r  times p r i o r  
to changing t h i s  f i e l d  v a lu e .  I f  h y s t e r e s i s  i s  o c c u r r in g ,  then a f t e r  
the sample i s  d r iv en  completely norm al, f lu x  i s  " f ro zen  in"  and a l l  
rem aining cyc les  o f  the same curve give approxim ately th e  same r e s u l t s ,  
which a re  d i f f e r e n t  from the f i r s t  c y c le .  This does n o t  occur.  In  f a c t ,  
a f t e r  the  sample i s  d r iven  in to  the normal s t a t e ,  one f in d s  t h a t  a sud­
den red u c t io n  in  the t r a n s p o r t  c u r re n t  to  zero gives r i s e  to a n e g a t iv e  
v o ltag e  drop ac ro ss  the sample. We a t t r i b u t e  th i s  phenomenon to  the 
e x p u ls io n  of f lu x  from th e  sample as the  sample r e tu rn s  to  the supercon­
d u c t in g  s t a t e .  When e q u i l ib r iu m  i s  reached ,  th e re  i s  no d e te c ta b le  s h i f t  
in  the  zero  l i n e  v o l ta g e .
The superconduc ting  magnet i s  a l so  cyc led  to  f re e z e  th e  f lu x  and 
to  reduce f lu x  jumps t h a t  could  occur i n  th e  magnet w h ile  d a ta  a re  be ing  
taken .  Only on very r a re  occas ions  has th e  magnet given problems.
We assume th a t  from F ig . 18, 1500 G (2) i s  probably  1600 G; 1600 C 
i s  p robab ly  1700 G; e t c .  The H all  probe which i s  r a t h e r  i n s e n s i t i v e  to  
l a rg e  changes in  f i e l d s  makes i t  nece ssa ry  to  monitor sm all f i e l d  changes 
and n o t  th e  a b s o lu te  v a lu es  o f  f i e l d s .  The e r r o r  in  f i e l d  w i l l  p ropaga te  
w ith  each ad justm ent and could conceivably  g ive  an a b so lu te  e r r o r  in  
f i e l d  o f  ±100 gauss i f  one i s  n o t  c a r e fu l .
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A very d i s tu r b in g  th in g  about th e  d a ta  o f  sample #46A i s  the con­
cave downward curves f o r  B > 1500 gauss. We n o t i c e  t h i s  b eh av io r  inapp -
sample #47A a l s o .  The two lower curves of 1000 gauss and 1300 gauss are  
very l i n e a r  w ith o u t b reaks  and give va lues  o f  g which seem rea so n ab le .
The n a t u r a l  tendency i s  to  ex tend  a l l  the  o th e r  curves  i n t o  s t r a i g h t  
l i n e s ,  a l l  m u tua lly  p a r a l l e l .  The problem i s  aga in  the same as encoun­
te r e d  in  #47A— im aginary p in n in g  c u r r e n t s .
The only way out o f  the  dilemma i s  to  p rep a re  an o th e r  sample 
w ith  the  e x a c t  p h y s ic a l  co n d i t io n s  (which may be alm ost im poss ib le )  and 
in t ro d u c e  a sh u n t  so l a r g e r  c u r r e n t  can be used to  d r iv e  the sample w e ll
in to  the  flow regim e. H o pefu lly ,  an "S" w i l l  occur i n  th e  I-V charac-
31t e r i s t i c s  (as su g g es ted  by S iko ra  on page 82 of t h i s  d i s s e r t a t i o n ) .
Such a sample was p rep a red  and d a ta  were tak en .  The r e s u l t s  appear to 
be in c o n c lu s iv e  s in c e  a t  c u r r e n t s  la rg e  enough to produce pure  v iscous  
flow , the  r a t i o  B /B i s  no longer  sm all and the  sm a l l  angle ap p ro x i-
W  a p p  o  r r
mation b reak s  down. This means th a t  a n a ly s i s  i s  a lm ost im poss ib le  due 
to  the  com plexity  o f  the  I-V eq u a t io n .
One reason  fo r  the  breakdown in  the sm all angle approxim ation i s  
the w ire  d ia m ete r .  This sam ple, which i s  th e  s m a l le s t  o f  a l l  samples 
ana lyzed ,  has the  l a r g e s t  w ire  f i e l d  c o n s ta n t  and thus g ives  s u b s t a n t i a l l y  
h ig h e r  w ire  f i e l d  va lues  a t  any given c u r r e n t .  The w ire  c o n s ta n t  v a r ie s  
in v e r s e ly  w ith  w ire  d iam ete r  and i s  about 1.2 times th e  w ire  c o n s ta n t  fo r  
the  l a r g e s t  w ire  ana lyzed . There may be a c r i t i c a l  r a d iu s  fo r  our w ires  
so t h a t  below t h a t  va lue  a n a ly s i s  w i l l  be in c o n c lu s iv e  (due to  the  lack  
o f  th e  sm all  ang le  ap p ro x im a tio n ) .
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Sample #5 lA
The l a s t  sample to  be d isc u sse d  i s  a w e ll  annealed  w ire  of
0 .0508 cm d iam ete r  and i s  i d e n t i c a l  to sample #49A except d a ta  were
taken a t  4.2°K. One f i e l d  was taken  a t  1.8*^K in  o rd e r  to check on the
s i m i l a r i t i e s  between t h i s  sample and #49A, Data a re  shown in  F ig .  19
and I l l u s t r a t e d  in  Table 7.
One f in d s  t h a t  V = a t  4.2°K as w ell  as a t  1.8°K. This i s
expec ted  s in c e  the  th e o ry  does n o t  mention tem perature in  any way. Since
d a ta  used to  c a l c u l a t e  p^ (o r  g) i s  taken  a t  1.8°K o r  a t  2.0°K, i t  i s  n o t
e x a c t ly  c o r r e c t  to  assume t h a t  th e  f lu x  flow r e s i s t i v i t y  i s  independent
4
of  te m p era tu re .  Kim, e t  a l .  i l l u s t r a t e  in  F ig . 4 o f  t h e i r  paper  th a t  
r e s i s t i v i t y  i s  n o t  a  sim ple fu n c t io n  o f  a p p l ied  f i e l d  a t  v a r io u s  tem­
p e ra tu r e s  and thus i s  n o t  a s im ple  fu n c t io n  of tem pera tu re  f o r  c o n s ta n t  
a p p l ie d  f i e l d .  They f in d  t h a t  = H/H^g as t  = T/T^ -> 0. Hopefully
i f  we choose a p p l ie d  f i e l d  v a lu es  w i th in  the range o f  co rrespond ing  f i e l d  
va lues  a t  1.8°K, then we can use d a ta  from F a r r e l l ,  e^  as has been done
in  a l l  the  o th e r  samples to  f in d  g.
From F a r r e l l  and Chandrasekhar one f in d s  a t  4 .2  K, H , = 200 Gcl
and H „ = 3000 G. We can c a l c u l a t e  the  p e rc e n t  o f  B above H , fo rc2 app c l
500 G and f o r  600 G a t  4.2°K and compare w ith  a s i m i l a r  c a l c u l a t i o n  fo r  
1000 G and 1600 G a t  1.8°K. At 4.2°K and f o r  500 G we can w r i t e
%H = 11%
At 4.2°K, 600 G one f in d s  %H = 14%. S im i la r ly  f o r  1.8°K, 1000 G one
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F ig u re  19. Sample #5lA
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TABLE 7
DATA FOR SAMPLE #5 lA FROM FIG. 19
F i e l d
(Gauss)
Slope
3
(pV/amps )
I n t e r c e p t
(yV/amp) (amps )
I  ^  b re a k
(amps2)
\  8 = b ' 
(n t/m ^)
3
(n t/m ^)
Fexcess
(nt/m 3)
*
500 7.86  X 10“ ^ - 4 .  16 520 725(?) 11.25 X 10 5 3 .30  X 105 7.95 X 105
*
600 8.85 X 10“ ^ - 4 .0 1 455 650 (?) 12.35 X 10^ 4 .94  X 10^ 7.41 X 10^
1000^ 2 .64  X 10"3 -1 .7 0 645 740(?) 10.90 X 10^ 9 .46  X 105 1.44 X 10^
voo
RESISTIVITY FOR SAMPLE #51A
F ie ld
(Gauss)
D/n
7(m / n t - s e c )
n
2
( n t - s e c /m  ) ^I ®II
^ I
(pO-cm)
P u
(pQ-cm)
*
500 -1012.25 X 10 0 .96  X 10"^ 0 .40 0 .5 3 0 .20 0 .20
*
600 12.25 X 10"^° 0 .8 7  X 10“ ^ 0 .49 0 .65 0 .22 0 .22
looo’*’ -1012.25 X 10 1.38 X 10~^ 0. 38 0 .51 0 .30 0 .29
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finds  %H = 16% and fo r  1600 G, %H = 28%, Since we a re  the  same depth in  
the mixed s t a t e  a t  4.2°K as a t  1.8°K, then we assume t h a t  we can use the 
r e s i s t i v i t y  va lues  in  Table 1 to  f in d  8. Such a c a l c u la t io n  gives f i e l d  
p e n e t ra t io n  r a t i o s  only s l i g h t l y  l a r g e r  than those  encoun te red  fo r  sample 
#49A a t  1.8°K.
In  o rd e r  to  determ ine the co n s is ten cy  o f  th e  d a ta  w ith  theory ,
a 1000 gauss curve was taken  a t  1.8°K to  compare w ith  d a ta  o f  sample #49A.
One f in d s  w ith  s a t i s f a c t i o n  t h a t  the f i e l d  r a t i o s  g a re  alm ost i d e n t i c a l
and the d i s s ip a t i o n  volume -  v i s c o s i ty  c o e f f i c i e n t  r a t i o  i s  e x a c t ly  the
same. This a t  l e a s t  says  t h a t  sample #49A and #51A a re  com patib le .  Excess
fo rces  between samples vary by a f a c t o r  of o n e -h a l f .  The p inn ing  fo rce
in  #51A i s  l a r g e r  th a n  i n  //49A, b u t  so i s  i t s  Loren tz  fo rc e .
An a n a ly s i s  o f  F a t  4.2°K y ie ld s  a r e s u l t  t h a t  i s  no t  q u i teexcess
understood. The excess  fo rce  a t  4.2°K i s  about 5 tim es t h a t  a t  1.8°K I 
This can imply t h a t  the  v i s c o s i t y  c o e f f i c i e n t  i s  tem pera tu re  dependent 
s in ce
=L -  fp '  ’'excess " " ' 'f
Fexcess
o r t h a t  the f lu x  l i n e  v e lo c i ty  i s  tem pera tu re  dependent, o r  b o th .  I f  
Vf ^ v^(T) , then
\ . 2  ■ = " 1.8
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I f  n f  n ( T ) ,
F Fe x ce ss (4 .2 )  _ e x c e s s (1 .8 )
^ f (4 .2 )  ^ f ( l .B )
^ f ( 4 ,2 )  ^ ^ f ( l .B )  *
The e q u a t io n  invo lv in g  n im plie s  t h a t  th e  medium i s  more v iscous  a t  
4.2°K than  a t  1.8°K. The lower temperature, then  ac ts  to  reduce the v i s ­
c o s i ty .  The equa tion  in v o lv in g  v^ i n d i c a t e s  t h a t  the f lu x  flow v e lo c i ty  
i s  l a r g e r  a t  4.2°K than a t  1.8°K. We a re  n o t  c e r t a in  as to  which o f  the 
id e as  are  v a l i d ,  i f  e i t h e r .
One o f  the  very im p o rtan t  f in d in g s  o f  t h i s  sanp le  was the  b eh av io r  
o f  f lu x  motion fo r  zero a p p l ie d  f i e l d ,  bo th  a t  4.2°K and a t  1.8°K. 
According to  s e v e ra l  au thors^^  th e  c r i t i c a l  c u r re n t  f o r  zero  a p p l ie d  
f i e l d  i s  l e s s  than  the  c r i t i c a l  c u r re n t  a t  some sm all f i e l d .  The c r i t i ­
c a l  c u r r e n t  then  decreases  fo r  in c r e a s in g  f i e l d .  We are  using  th e  term 
c r i t i c a l  c u r re n t  very lo o s e ly  and shou ld  be r e f e r r i n g  to  normal c u r r e n t  
o r  the c u r r e n t  the sample i s  ab le  to  s u p p o r t .  At 4.2°K and a t  zero  
f i e l d  th e  f lu x  motion i s  very e r r a t i c  and n o n rep red u c ib le .  The normal 
c u r r e n t  was 32 ançis (±0.5 a n ç s ) .  For 500 gauss the normal c u r r e n t  was 
40,5 amps and fo r  600 gauss i t  was 38 amps. Thus f o r  a sm all  lo n g i tu ­
d in a l ly  a p p l ie d  f i e l d  th e  w ire  can a c t u a l l y  ca r ry  more c u r re n t  than i t
35can in  zero f i e l d ,  up to  a c e r t a in  f i e l d .  LeBlanc and Kiggins as w e l l  
as Bergeron^^ found a s i m i l a r  maximum i n  v s . Hyy curves and a t t r i b u t e
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the e f f e c t  to  an assumed h e l i c a l  p a t t e r n  o f  c u r re n t  flow and to  the depen-
20dence o f  p inn ing  fo rce s  upon the magnetic in d u c t io n .  London and Walmsley 
conclude t h a t  the  lower c u r re n t  c a r ry in g  a b i l i t y  a t  zero f i e l d  i s  due to 
a  la ck  o f  Lorentz f o r c e ,  so t h a t  f lu x  motion enhances the  normal c u r re n t .
Comparison of Samples 
We have t a lk e d  about each sample in d i v id u a l ly ;  l e t  us now com­
pare and c o n t ra s t  the samples to  g e t  a t o t a l  p ic tu r e  o f  the f lu x  flow 
p rocess  o c c u r r in g .  Our f iv e  samples vary  over four d i f f e r e n t  diam eters 
and a re  s u b je c t  to  f iv e  d i f f e r e n t  p h y s ic a l  c o n d i t io n s :  (1) Sample //49A -  
rough s u r f a c e ,  h ig h ly  s t r a i n e d ,  (2) Sample //48A -  moderately p o l ish e d  
s u r f a c e ,  w e l l  annea led ,  (3) Sample #47A -  s l i g h t l y  p o l i sh e d  s u r f a c e ,  w ell 
annea led ,  (4) Sample #46A -  h ig h ly  p o l i sh e d  s u r fa c e ,  w e l l  annealed ,
(5) Sample #5lA -  rough s u r f a c e ,  w e ll  annea led .
I f  one p la c e s  F igs. 10, 16-19 n e x t  to  one ano the r  in  o rd e r  of 
d ec re as in g  d iam eter  (Table 2 ) ,  he w i l l  immediately see  what appear to  
be s e v e ra l  t ren d s  o f  th e  d a ta .  As the  w ire  decreases  in  d iam ete r ,  the 
s lo p es  vary from c o n s ta n t ,  to  almost c o n s ta n t ,  to  d e f i n i t e l y  changing, 
to in d e te rm in a b le .  One n o t ic e s  t h a t  along w ith  the dec rease  in  d iam eter 
goes a decrease  i n  p in n in g  c u r r e n t .  We w i l l  see l a t e r  th a t  t h i s  does 
n o t  n e c e s s a r i ly  imply a d r a s t i c  v a r i a t i o n  i n  p inn ing  fo rc e .  The decreased  
p inn ing  c u r re n t  i s  p robab ly  a fu n c t io n  o f  th e  p inn ing  e f f e c t s  as w e ll  as 
o f  th e  w ire  d iam eters  as  seen  in  eq. ( 2 .2 9 ) .  But we know t h a t  j u s t  a 
d ecrease  i n  w ire  d iam ete r  r e s u l t s  in  an in c re a s e  in  the  f i e l d  produced 
a t  the  s u r fa c e  o f  the  w ire  by a co n s tan t  t r a n s p o r t  c u r r e n t .  That nec­
e s s a r i l y  iirrolies t h a t  th e  r a t i o  B /B in c re a s e s  as the  w ire  diam eterw app ---------------
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decreases  fo r  a c o n s ta n t  c u r r e n t .  This suggests then  t h a t  the L oren tz  
f o r c e ,  which i s  p ro p o r t io n a l  to the c ro s s -p ro d u c t  o f  J and B in c re a s e s  
w ith  d e c re a s in g  d ia m ete r .  The excess  fo rc e  necessa ry  to  m ain ta in  v i s ­
cous flow occurs f o r  low er c u r re n t  va lues  a t  reduced d iam ete r  w ire s .
The b reaks  in  l i n e a r i t y  a t  which F = c o n s ta n t  occur,  becomeexcess
l e s s  pronounced and then  in d e te rm in ab le  fo r  the s m a l le r  w ire  sam ples. I t
i s  d i f f i c u l t  to  a s c e r t a i n ,  however, i f  the  more im p o rtan t  mechanism i s
th e  p in n in g  fo rce  (which i s  n o t  a fu n c t io n  o f  d iam eter) o r  the Loren tz
fo rc e .  One f in d s  t h a t  Lorentz  fo rc e s  in  our geometry a re  about o n e - te n th
4 6the va lue  from the  s la b  geometry of f lu x  flow. ’
The only  o th e r  e f f e c t  t h a t  appears to  be d iam eter dependent i s  
th e  d i s s i p a t i o n  volume -  v i s c o s i ty  c o e f f i c i e n t  r a t i o  (Q/n) from Model I .  
One f in d s  t h a t  th e  r a t i o  decreases  w ith  d ec re as in g  d ia m ete r ,  i . e . ,  w ith  
d ec re as in g  w ire  volume. I t  i s  g r a t i f y in g  t h a t  fî/n'vWire Volume and 
n o t ,  s a y ,  in v e r s e ly  p ro p o r t io n a l .
We a re  n o t  so luclcy with the e v a lu a t io n  o f  n from Model I I .  One 
can see  t h a t  th e re  i s  a tremendous v a r i a t i o n  o f  n w ith  f i e l d  and w ith  
sample. The s c a t t e r  i s  so l a r g e ,  in  f a c t ,  t h a t  i t  i s  hope less  to  t r y  and 
make any sense  o f  p.  We in ten d ed  to  determ ine n by Model I I  and then  to  
use Model I  to  f in d  th e  d i s s ip a t io n  volume from fi/n. I t  appears t h a t  we 
cannot f in d  the  v i s c o s i t y  c o e f f i c i e n t  e x a c t ly  so th a t  we cannot determ ine 
th e  d i s s ip a t io n  volume.
The rem aining d iscu s s io n s  w i l l  c e n te r  about th e  p h y s ic a l  c o n d i t io n  
o f  the w ire .  L e t  us compare g between sam ples. Since 3 i s  the r a t i o  o f  
th e  f i e l d  i n s id e  the  w ire  to  the f i e l d  o u t s id e ,  we expec t  3 to  be very
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dependent on bo th  s u r fa c e  and bulk  p inn ing  e f f e c t s .  Sample #49A has 
the roughest s u r fa c e  and i s  the most h ig h ly  s t r a i n e d  o f  a l l  samples.
Tills in d ic a te s  two th in g s :  (1) th e  rough s u r fa c e  cannot support very 
much s u r fa c e  c u r r e n t  and w i l l  allow much more f lu x  to  p e n e t r a te  than in  
smoother s u r f a c e s ,  (2) the  h ig h ly  s t r a i n e d  s t a t e  w i l l  g ive r i s e  to more 
pinning s i t e s  and w i l l  r e s u l t  in  l a rg e r  p inn ing  cu r re n ts  and l a r g e r  p in ­
n ing  fo rces  than fo r  h ig h ly  annea led  w ire s .  One f in d s  t h a t  th i s  i s  t ru e  
from the t a b l e s .  Sample #49A has a l a r g e r  f i e l d  p e n e t r a t io n  r a t i o  and 
la rg e r  p inn ing  fo rce s  th an  any o th e r  sample. I f  one compares #49A w ith  
#51A which a l so  has  a rough su r fa c e  b u t  i s  h ig h ly  annea led , g i s  the  
same in  b o th  cases and i s  approxim ate ly  the  same. This tends to 
in d ic a te  t h a t  bu lk  d e fe c ts  p lay  a sm a l le r  r o le  in  f lu x  flow than su rface  
i r r e g u l a r i t i e s .  I f  t h i s  i s  t r u e ,  then the  va lues  o f  6 and are  depen­
dent mainly on the s u r fa c e  co n d i t io n .
One sample was c o n s tru c te d  to  t e s t  the  e f f e c t  of the  lo n g i tu d in a l  
s c ra tc h e s  in t ro d u ced  by the  e x t ru s io n  appara tus  on the s u r fa c e  o f  the 
w ire .  The theory  beh ind  t h i s  id e a  i s  t h a t  f i e l d  l i n e s  i n  our geom etrica l 
c o n f ig u ra t io n  a re  h e l i c e s  and i f  th e  l i n e s  a re  wrapped a t  the same p i tc h  
angle as th e  s c r a t c h e s ,  then  th e re  w i l l  be a low ering  in  the  energy b a r ­
r i e r  and th e  l i n e s  would suddenly  b reak  through th e  s u r f a c e .  A ty p i c a l  
p i t c h  angle of 1° was in t ro d u c e d  in  the w ire  by tw is t i n g  one end r e l ­
a t iv e  to  the  o th e r .  Data were taken  on the sample w ith  r e s u l t s  i n d i c a t in g  
very l i t t l e  f lu x  flow b e fo re  the w ire  was d r iven  com pletely normal. The 
p inning  c u r re n ts  were very  la rg e  because o f  bu lk  d e fe c ts  and the flow 
regime encompassed l e s s  than lyV whereas ty p ic a l  d a ta  encompass lOOpV.
I t  appears t h a t  bu lk  p in n in g  due to  the tremendous d is lo c a t io n s  i n t r o ­
duced by t i f i s t i n g  has overshadowed any s u r fa c e  p inn ing  in  th i s  case .
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I f  one looks a t  the magnitude o f  p in n in g  fo rce s  among samples 
(n e g le c t in g  #5lA) he f in d s  th a t  #49A, the  h ig h ly  s t r a i n e d  sample, gives 
l a r g e r  p inning  fo rce s  than the o th e r  samples which are  w ell  annealed .
This i s  what one expec ts  i f  the  volume p inn ing  i s  the more im portan t 
e f f e c t .  Sample //51A has a rough s u r fa c e  and i s  w e l l  annealed . The p in­
ning fo rc e s  encountered  are  as l a rg e  as f o r  //49A. This must in d i c a te  
th a t  th e  s u r fa c e  has a d e f i n i t e l y  s t ro n g  e f f e c t  in  p inn ing  of f lu x  l i n e s .  
For our d a ta  we cannot determ ine which i s  th e  more im portan t—s u r fa c e  
e f f e c t s  o r  bu lk  e f f e c t s .  This problem a r i s e s  because o f  the ra p id  
annea ling  o f  our samples. I t  i s  im p o ss ib le  fo r  us to  o b ta in  a sample 
in  i t s  v i rg in  s t a t e  o f  anneal s in c e  i t  r e q u i r e s  about one hour to  assem­
b le  the sample in  i t s  h o ld e r  and cool i t  to  l i q u i d  helium  tem pera tu re .
One way of answering the  q u e s t io n  o f  dominant p inn ing  e f f e c t  i s  
to take d a ta  fo r  a rough s u r f a c e ,  h ig h ly  s t r a i n e d  sample in  a h o ld e r  w ith  
removable s e c t i o n .  Then one takes  d a ta  on the sample a f t e r  i t  has 
annealed to f in d  b u lk  e f f e c t s ,  and removes the  s e c t io n  of the  h o ld e r  and 
chem ically  p o l i s h e s  to  f in d  the  e f f e c t s  o f  the  s u r f a c e .  This procedure  
was no t  undertaken and so the q u e s t io n  i s  s t i l l  unanswered.
One can see t h a t  the  g en era l  shape o f  the curves vary f o r  d i f ­
f e r e n t  amounts of p o l i s h in g  ( d i f f e r e n t  d ia m e te rs ) .  As p rev io u s ly  men­
t io n e d ,  the  p inn ing  c u r re n ts  go down w ith  p o l i s h in g ,  and the cu r ren ts  
a t  which v o l ta g e  f i r s t  appears ( c r i t i c a l  c u r re n ts )  are  down. Sample //49A 
and #46A which r e p re s e n t  extremes in  the p h y s ic a l  co n d it io n s  i l l u s t r a t e  
an i n t e r e s t i n g  p o in t .  For the  h ig h ly  s t r a i n e d  sample (#49A) th e re  a re  
no th ing  b u t  l i n e a r  reg ions  w ith  upward bend ing ; fo r  the  w e ll  annealed  
and h ig h ly  p o l i sh e d  sample (#46A) th e re  a re  few l i n e a r  reg ions w ith  most
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curves concave downward. C onsidering  the sm all c u r re n ts  used fo r  //46A 
th i s  could p o s s ib ly  in d i c a t e  th a t  #46A r e p re s e n ts  th e  " to e "  reg ions of 
#49A. On the o th e r  samples th i s  reg ion  i s  n o t  as pronounced as with #46A. 
P ossib ly  i f  we expand the  " to e "  reg ions  of each curve then  we would see 
the appearance o f  such a concave doimward t r e n d  and thus o b ta in  the "S" 
p rev io u s ly  m entioned.
Data Coalescence 
In  C hapter I I  we saw t h a t  l i n e a r i t y  o f  d a ta  can be checked by 
p l o t t i n g  in  reduced  v a r i a b l e s .  We p lo t  eq. (2 .14 )  u s in g  eq . (2 .1 5 ) .
Using Tables 3-7 one can ta b u la te  th e  n o rm a l iz a t io n  f a c t o r s  fo r  the p lo t  
V/I _TO. I^ as shown in  Table 8 and can make a p l o t  l i k e  F ig .  20. The 
do tted  l i n e  r e p r e s e n t s  a p u re ly  l i n e a r  e q u a t io n  so t h a t  one can get an 
id ea  o f  how w e l l  th e  d a ta  f i t  the equa t ion
V 0Y = in + b
One f in d s  more s c a t t e r  in  the  upper re g io n  than  in  the lower 
reg ion .  One reason  fo r  the c l u s t e r  a t  the low er end i s  th e  mathematical 
fo rc in g  o f  a l l  i n t e r c e p t s  to  occur a t  -1 .  This  i s  th e  e f f e c t  o f  p lo t ­
t in g  ( I / I p ) ’ . The s c a t t e r  a t  th e  upper end o f  th e  graph could  be due 
to one of s e v e r a l  f a c t o r s .  I f  the  d a ta  a re  n o t  very  l i n e a r  in  the upper 
reg io n ,  then t h e r e  w i l l  be d e v ia t io n s .  This w i l l  occur i f  the  small angle 
approxim ation i s  b re a k in g  down and n o n l in e a r  terms a r i s i n g .  A poor choice 
of Ip w i l l  g ive im proper s c a l in g  along the h o r i z o n t a l  ax is  and w i l l  i n t r o ­
duce s c a t t e r .  D ev ia t io n s  could  occu r  because  o f  an in a c c u ra te  s c a l in g  
f a c to r  K. This f a c t o r  tends to  s l i d e  th e  l i n e  o f  u n i t  s lo p e  along the
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TABLE 8 
COALESCENT DATA
Sample F ie ld
(Gauss)
4 '
(Amps2)
K
(Amp/Volt)
Sample F ie ld
(Gauss)
4 '
(Amps^)
K
(Amp/Volt)
#46A 1000 225 2.52 H I  A 1300 385 16.6
1300 63 6.30 1500 220 30.6
/MBA 1000 400 18.2 1600 165 41.9
1200 130 33.8 1700 95 80.7
1400 80 36.2 #49A 1200 580 0 .56
1500 65 34.2 1400 360 0 .90
1600 60 28.5 1500 280 1. 16
1700 50 30.6 1600 220 1.48
2I-
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v e r t i c a l  a x i s .  An erroneous c a l c u l a t i o n  in  any of the  f iv e  q u a n t i t i e s  
a f f e c t i n g  K(fi/n, c. A, 3 , Ip) w i l l  r e s u l t  in  an in a c c u ra te  s c a l i n g  fac­
to r  w ith  p o in ts  d e v ia t in g  away from the  d o tted  l i n e  more as we p roceed  
to  l a r g e r  values o f  ( I / I p ) ^ .  The d ev ia t io n s  w i l l  be  e i t h e r  above the 
l i n e  o r  below the l i n e  depending upon whether the va lue  of K i s  too  high 
o r  too low.
One f inds  t h a t  g e n e ra l ly  th e re  i s  more d e v ia t io n  fo r  h ig h  f i e l d s  
than f o r  low f i e l d s .  This may be merely in c id e n ta l  s in ce  th e re  i s  no 
reason to  expect more d e v ia t io n s  a t  one f i e l d  than a t  o th e r s ,  u n le ss  the  
sm all angle approxim ation i s  b re a k in g  down.
Not a l l  d a ta  give a good f i t  to the l i n e  on F ig . 20. Data th a t  
have a l o t  o f  f l u c t u a t i o n  i n  f lu x  flow vo ltages  and are  n o t  very  good 
s t r a i g h t  l in e s  on V/I v s . I^  p l o t s  give tremendous s c a t t e r  a t  b o th  ends 
o f  th e  c o a le scen t  p l o t .  Sample #50A, which i s  h o p e fu l ly  i d e n t i c a l  to 
#46A, gave unexp la inab le  r e s u l t s  on a V/I I^ p l o t .  The sample 
showed s e v e ra l  l i n e a r  p o r t i o n s  and c h a r a c t e r i s t i c  b reaks  f o r  each f i e l d .  
Hie sample was d r iven  com ple te ly  norm al, so t h a t  each curve was com plete , 
b u t  the small angle approx im ation  broke dovm over o n e -h a l f  th e  le n g th  o f  
each cu rve .
Several dozen o th e r  samples were run a t  1.8°K and a t  2.0°K a t  
h igh f i e l d s  ( '1 ^ 2 5 0 0  G -  3 5 0 0  G). They do n o t  appear to  produce V ^ n o r  
do they appear to  be p u re ly  e x p o n e n t ia l .  Consequently, we have n o t  
e x p la in e d  t h i s  reg ion  which we hope i s  the creep regime.
CHAPTER V 
CONCLUSIONS
We saw in  bo th  Chapter I I  and Chapter IV th a t  a n a ly s is  by e i t h e r  
Model I  o r  Model I I  le ads  to  i d e n t i c a l  values o f  r e s i s t i v i t y .  The 
d i f f i c u l t y  in  the  c y l i n d r i c a l  geometry c o n f ig u ra t io n  i s  the  param eter 
ü/x] o r  n which a r i s e s  because o f  the  u n c e r ta in ty  in  g. Tlie only way 
these  param eters  can be determ ined i s  by the use of s lab  geometry da ta  
where they can be ex p e r im e n ta l ly  determined.
19-2 1S ev era l  a d d i t io n a l  models from o th e r  experim enters  gave
V*l3, as o u r  two models which equa ted  the power in p u t from the  c u r r e n t  
supply to  the  power d i s s ip a t e d  by moving f lu x .  This c u r re n t -v o l ta g e  
r e l a t i o n  h o ld s  on ly  fo r  the  reg ion  in  which the  L oren tz  fo rce  dominates 
a l l  o th e r  f o r c e s ,  — the flow regime. Regions o f  and of
Fp<Fp a re  more com plica ted  and do n o t  s a t i s f y  V^I^. Work was not con­
ducted in  th e se  two reg io n s .
F ive  d i f f e r e n t  samples o f  v a r io u s  d iam eters  and p h y s ic a l  con­
d i t io n s  were s tu d ie d .  We found s e v e ra l  s t r i k i n g  m a n ife s ta t io n s  o f  f lu x  
flow. Almost a l l  curves on a V/I v s . I^ p l o t  e x h ib i te d  some bending 
in  th e  low er c u r r e n t  reg ion  and were e i t h e r  concave upward o r  downward.
A r e l a t i v e l y  few curves bending dovmward tended to  be unexpla ined , s in ce  
in  most cases they  gave im aginary p inn ing  c u r r e n t s .  The upward bending 
curves tended  to  have d e f i n i t e  b reaks  a t  which l i n e a r i t y  s e t  in .  The 
b reak  i s  i n t e r p r e t e d  as an i n d i c a t i o n  o f  th e  Lorentz fo rce  dominating
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th e  p inn ing  fo rc e .  Tables  3-7 p o in t  ou t t h i s  occurrence q u i t e  w e l l .  One 
n o te s ,  however, t h a t  th e  excess  fo rce  i s  no t a co n s tan t  among th e  var ious  
sam ples , b u t  f a i r l y  c o n s ta n t  f o r  a p a r t i c u l a r  sample.
The p inn ing  fo rc e s  vary s i g n i f i c a n t l y  from sample to  sample and 
appear to be l a r g e s t  f o r  th e  h ig h e s t  s t r a i n e d  sample w ith  th e  roughes t 
s u r fa c e  (//49A). From o u r  experim ents  we could no t determ ine the  major 
p in n in g  e f f e c t — s u r fa c e  o r  volume. We conclude from experim ents  th a t  
volume annea ling  i s  q u i t e  r a p id .  The s u r fa c e  o f  the  w ire  seems to  a f f e c t  
the f i e l d  p e n e t r a t io n  c o n s id e ra b ly .  Smooth su r fa c e s  can su p p o r t  s h ie ld in g  
c u r re n ts  which can keep o u t  m agnetic  f l u x .  Rough s u r fa c e s  cannot sup­
p o r t  much c u r r e n t  and thus  g ive  a l a r g e r  value  o f  g than fo r  smooth s u r ­
faces  .
We can devise  a t e n t a t i v e  p rocedure  to  check out the im portance 
o f  th e se  two p in n in g  e f f e c t s .  The sample h o ld e r  w ith  removable s e c t io n  
must be used so t h a t  measurements can be made on one s p e c i f i c  sample.
One should  begin  w ith  th e  rough s u r f a c e  and h ig h ly  s t r a i n e d  sample and 
shou ld  proceed in  s te p s  to  a r r i v e  a t  a very smooth and w e l l  annea led  
sample. The p rocedure  i s  as fo l lo w s :  (1) assemble and take  d a ta  on 
rough, h igh ly  s t r a i n e d  sam ple , (2) anneal the sample as com plete ly  as 
p o s s ib le  and r e p e a t  d a t a ,  (3) e tc h  the  s u r fa c e  i n  Increm ents  of 0.002 cm 
and re p e a t  d a ta ,  (4) c o p p e rp la te  the sample in  increm ents  o f  0 .002 cm 
th ic k n e sse s  and r e p e a t  d a ta .  S tep (2) should  show b u lk  e f f e c t s  and give 
an id e a l  o f  th e  magnitude o f  s u r f a c e  p in n in g  over t o t a l  p in n in g .  Step (3) 
could  p o ss ib ly  i n d i c a t e  s u r f a c e  improvement as the s u r f a c e  becomes 
smoother and can su p p o r t  l a r g e r  c u r r e n t s .  Step (4) shou ld  p rov ide  no r­
mal m a te r ia l  so th a t  s u r f a c e  c u r re n ts  shou ld  decay. This may r e s u l t  in
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very low p inn ing  and p o s s ib ly  an almost n e g l ig ib l e  flow reg ion  due to 
the c a ta s t ro p h ic  c o l la p s e  o f  f lu x  l i n e s  in to  the  sample.
Another way o f  s tu d y in g  the  s u r fa c e  i s  by lo o k in g  again  a t  the 
angle a t  which h e l i c a l  f lu x  l i n e s  e n t e r  the  sample. P re v io u s ly ,  the  sam­
p le  was tw is te d ;  now, one should  m echanically  s c r a tc h  th e  smooth su r fa c e  
o f  a w e l l  annea led  w ire  by some means so t h a t  the  p i t c h  angle can be con­
t r o l l e d  to  w i th in  o n e -h a l f  degree . Tlris w i l l  allow one to  determine i f  
the energy i s  reduced somehow when the  f lu x  l i n e s  a l ig n  w ith  the  s c r a tc h e s .
Ttie s lo p es  o f  the  V /l  v s . p lo t s  i n  the upper c u r re n t  regime 
are in d ic a t io n s  o f  the  f i e l d  in s id e  the  w i r e ,  as the in t e r c e p t s  a re  in d i ­
ca tions  o f  the  p in n in g  f o r c e s .  The s lo p es  were f a i r l y  co n s tan t  fo r  v a r ­
ious f i e l d s  o f  a g iven  sample bu t  v a r ie d  from sample to  sample. This 
r e s u l t e d  in  a f l u c t u a t i o n  of 3 from sample to  sample. However, g was 
approxim ately c o n s ta n t  f o r  a  g iven  sample, b u t  d id  in c re a s e  s l i g h t l y  
w ith  a p p l ie d  f i e l d .  From th e  I-V c h a r a c t e r i s t i c s  of o u r  d a ta  we found 
r e s i s t i v i t i e s  were determ ined to  w i th in  6. The am biguity i n  3 was elim­
in a te d  by comparison o f  r e s i s t i v i t i e s  to  s la b  geometry v a lu es  o b ta ined  
by Kim^ and by F a r r e l l . ^  We found th a t  0 .1  £  3 _< 0 ,6 .
33A maximum e s t im a te  o f  g fo r  Pb-, - I n . -   ^ from Dubeck, e t  a l .
'0 4  • J  X 3  ••
using r e v e r s ib l e  m a g n e tiz a t io n  d a ta  y ie ld s  0 .9  3 < 0 .9 4 .  However,
t h e i r  sample p e rc e n ta g e s  a re  d i f f e r e n t  than ours  and g ive  a mixed s t a t e  
reg ion  about 0 .8  o f  o u r s .  As mentioned i n  Chapter I I ,  the  m agnetiza tion  
da ta  taken  under e q u i l ib r iu m  co n d i t io n s  could  p o s s ib ly  account f o r  the 
sm all p e n e t r a t i o n  r a t i o  we o b ta in  under the n o n eq u i l ib r iu m  cond itions  
o f  f lu x  flow.
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A s i m i l a r  c a l c u la t io n  of B was made from B(r) v s .  r  d a tamax —
18fo r  PbglUg^ o f  S ik o ra ,  e t  a l .  Computer a n a ly s is  showed th a t  B ( r ) " r ’,
and i n t e g r a t i o n  o f  B(r) over the sample volume to  f in d  B^^^ gave va lues
0.85 _< B _< 0 .8 7 .  This method of c a l c u la t io n  o f  3 i s  probably  c lo s e r  to
our s i t u a t i o n  s in c e  a sm all t r a n s p o r t  c u r re n t  1=26 amps ( I / I ^ ^  = 1.1)
i s  ap p l ie d  w h ile  B. ^ measurements a re  made. They do no t  have thermo- i n t
dynamic e q u i l ib r iu m .
These two a d d i t io n a l  c a l c u la t io n s  o f  6 sugges t  th a t  the  r e s i s t i v i t y  
in  c y l in d r i c a l  geometry can be determ ined  w ith o u t ambiguity once 3 i s  
determ ined from a n o th e r  experim ent. I f  one can make s im ultaneous mag­
n e t i z a t i o n  and f lu x  flow r e s i s t i v i t y  measurements on each sample, then 
and thus 3 can be found. S u b s t i t u t io n  o f  3 in to  the  r e s i s t i v i t y  
formulas of eq .  (2 .13 )  and eq . (2 .3 2 )  w i l l  g ive a value  o f  d i r e c t l y  
w ithou t th e  use o f  s la b  geometry d a ta .
Once the  am biguity  in  (o r  3) has been e l im in a te d ,  one can 
c o n ce n tra te  on s tu d y in g  the  e f f e c t s  o f  sample com position and tem pera tu re
on f lu x  m otion. Along w ith  t h i s  s tu d y  could  go t h e o r e t i c a l  and e x p e r i -
31mental e x p lo ra t io n  o f  the creep  regim e. S ikora  has sugges ted  a  p o s s ib le  
method o f  t h e o r e t i c a l  e x p la n a t io n  o f  th e  creep reg ion  much l i k e  g iven  
i n  papers  by B e a s l e y , A n d e r s o n , a n d  Kim.
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